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Abstract
A design methodology is advanced primarily to determine the tensile strength
of annealed and tempered glass. The proposed approach consists of an
analytical method to assess the tensile strength of glass, Uf, and a computer
algorithm which is used to compute the applied equivalent uniform stress, Up.
The glass design approach put forward endeavours to ensure that the surface
tensile strength of glass is not exceeded by the equivalent uniform stress.
The analytical method, referred to as the General Crack Growth Model, is related to
the fundamental properties of the glass surface and incorporates all factors that are
known to significantlyaffect the strength ofglass. The General Crack GrowthModelis
based on the comparison of recent fracture mechanics methods and empirical
formulations proposed elsewhere. The proposed glass strength equation or the derived
glass strength charts may be used to determine the maximum allowable surface
tension, Uf. The performance of the proposed General Crack Growth Modelis initially
verifiedby ring-on-ring testing of annealed and tempered glass.
The existing and proposed glass failure models rely on the summation of the stresses
present on the glass surface to determine the structural suitability of the glass
element. This makes these accurate models unattractive for everyday design. A
computer algorithm, called Glasstress, has therefore developed to automatically
summate the surface stresses and determine the equivalent uniform stress, up, from
the results of finite element analyses.
The proposed glass design approach and [mite element analyses are used to optimise
typical bolted connections in glass and to propose an alternative, stronger adhesive
connection. These strength predictions are verifiedby experimental investigation.
Finally, the glass design approach is also verifiedby comparing the failure predictions
made for laterally loaded glass plates to results obtained from independent test data.
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CHAPTER 1
Introduction
1.1 INTRODUCTION
The scientist and the fortune-teller have a common quest - to predict events that have
not yet taken place. That is where the similarity ends. Allother similarities between
the two were severed by the adoption of the ScientificMethod,which in its early days
of Galileoand Newtonwas devised by applyingmathematical formulations to describe
the observed natural phenomena. This giant mental step has enabled scientists to
describe the laws ofnature in mathematical terms.
Likewise, any rational basis of structural engineering design must be based on the
ability to predict the loads that are likely to be encountered in practice and the
behaviour of the structure subjected to those loads. The loading system is often
prescribed by the function, but the skill of an engineer is to use the best available
materials and design techniques to arrive at a suitable and cost-effectivesolution. In
modern engineering advances in technology and pressures from market-oriented
competition have resulted in a strong emphasis being placed on structural efficiency.
The extent of efficiencyis often determined by the confidence in the predicted stress
and the knowledge of the material strengths. Thus it is with glass as with any
material.
Glass has fascinated people ever since its discovery. It appeared as a fulfilment of the
apparently impossible requirements of transparency and durability. Of equal
importance is the fact that it is made from the melting and cooling of one of Earth's
most abundant minerals. It has given us the lens, the bottle, the fibre optic, fabrics
and the window. Despite these outstanding properties, its brittleness and relatively
low tensile strength have made it an unattractive load bearing material and
consequently there is relatively little research on the strength ofglass.
The main research problem is that to date there is still no agreement on a definite
mathematical model that accurately predicts failure ofglass. This results in disjointed
1
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and sometimes conflicting information on the strength of glass and induces engineers
to adopt large factors of safety and design inefficient glass structures.
In addition, as with most engineering materials the choice and design of the structural
connections in glass is as important as the design of the glass panel itself and is
crucial to the design of efficient glass structures. However, there is very little
published research on the behaviour of structural connections in glass.
Therefore, the primary aim of this work is to compare the underlying theories and the
performance of the existing failure models and subsequently to formulate a usable
design method for the efficient design of structural glass that is valid for any geometry,
load and support condition. The proposed failure prediction model endeavours to
provide, a simple automated, yet accurate, design approach by adopting Eurocode
recommendations (CEN/TC/WGB1997 & 199B) and a computer algorithm developed
by the author. This design approach is validated both by Finite Element analysis and
by experimental investigations.
Subsequently the proposed glass design approach is used to determine the failure load
of typical bolted connections in glass and to devise an alternative optimised
connection using adhesives. Experimental investigations of the connections are
performed to verifythe predictions made using the glass design approach.
Finally, the proposed glass design method is further verified by assessing its ability to
predict the failure loads of experimental investigations carried out on glass plates by
other researchers.
What unites structural engineers in their approach when designing glass structures is
the relative uncertainty and the associated high safety factors adopted. It is hoped
that this work may go some way to redress this issue.
CHAPTER 2
Current trends and literature review
2.1 INTRODUCTION
The literary bibliography on structural glass is relatively small. However, the
exorbitant demand for glass elements and glass structures over the past fifteen years
has fuelled numerous technical developments and produced vast volumes of
manufacturer's literature.
A boom in demand ironically creates a reluctance to publish the more commercially
sensitive research resulting in disjointed, incomplete and sometimes conflicting
information - structural glass is no exception. With this in mind it would be foolish of
the author to cover every aspect of glass. The aim of this chapter is therefore to sift
through this information and present a succinct and organised overviewof the aspects
that relate to the strength of glass. This reviewof the theory and practise of structural
glass will also serve as a database for the ensuing parts of this thesis.
3
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2.2 THE MANUFACTURE OF WINDOW GLASS
2.2.1 Introduction
Flat glass has been made through the centuries since Roman times by a number of
jealously guarded processes. These include casting, rolling, spinning, blowing and
drawing from the surface of the melt in the furnace. (Rawson1991,Wigginton1996).
Over the past 100 years the manufacture of glass has grown, from a fragmented craft
activity, into an industry dominated by a few multinational primary-manufacturing
giants, locked in a world-wide competition bound by commonality of process and
market. Today, an extensive range of glass products is available, this has been
generated by the numerous glass processing technologies and the product
permutations offered by major manufacturers and specialised glass processors. The
ensuing section will focus on the manufacturing processes, which have a direct
influence on the mechanical strength and fracture characteristics of glass. The
detailed description of other products and product permutations that have improved
performances for solar control, thermal insulation, noise control, fire resistance,
security and privacy is beyond the scope of this thesis. These products and their
applications have been reviewedin a number ofmonographs (Turner 1977;Wigginton
1996; Button & Pye 1993; Pilkington 1996; Pilkington 1997; PPG 1997; Saint-Gobain
1998).
2.2.2 Primary Manufacture
The rolling process is still used for the manufacture of figured plate glass, the
pattern on one of the rolls being moulded into the glass whilst it is still hot. A
very similar process is used to make wired glass - one form of safety glass.
A small quantity of special glass, e.g. antique glass is made by the old hand-
blown cylinder process. The blown cylinder, after being detached from the
blowing iron, is cracked along its length and then flattened in a furnace using
a rake.
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The float process, initially brought to success by the Pilkington Brothers in 1959, is by
far the most popular process and accounts for 90% of the world's flat glass. (Button &
Pye 1993). The principal stages of the basic float process consist of melting, forming,
cooling, checking and cutting.
approx.
Figure 2.1 The float glass process
(A)raw material mix; (B) cullet:; (C) oil-fired melting furnace; (D) controlled atmosphere; (E) molten tin; (F)
float bath; (Q) annealing lehr; (H) automatic waterhouse; (I) automatic stacking; (J) orders; (K) computers;
(L) control point; (M) cutting process. (Rawson 1991)
2.2.2.1 Melting
Glass used in the building industry is generally referred to as soda-lime-silica glass.
The raw materials used in the production of this glass consist of: 72% Silica sand
(Si02) as the main constituent; 13% Sodium Carbonate (NA2C03) to reduce the high
melting temperature and viscosity of Silica; 10%Calcium Carbonate (CAC03) and 5%
Calcium Magnesium Carbonate (MgCa(C03)2)to increase durability and delay
crystallisation.
The materials are weighed and mixed in the correct proportions to produce a mixture
known as frit, this is usually mixed with waste broken glass, referred to as cullet, in
the proportion of 80% frit and 20% cutlet.
Melting takes place in an oil or gas fired regenerative furnace at 1500·C, with a
capacity between 2000 to 5000 tonnes per week.
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2.2.2.2 ~or~in~
In the float process, a continuous ribbon of glass flows from the melting furnace onto
a shallow bath of molten tin at about 1050°C (Figure 2.2). This is contained in a
controlled atmosphere chamber fed with a nitrogen-hydrogen gas mixture to prevent
oxidation of the tin.
As it floats on the tin the glass ribbon tends to reach an equilibrium thickness of
approximately 7mm (Rawson 1991). The glass ribbon is stretched or compressed by
varying the speed of the take-out rollers and by positioning of water cooled graphite
guides, thus producing thickness ranging from 2 to 25mm.
Figure 2.2 The Pilkington float bath
Water-cooled guides compress the glass ribbon to produce thicknesses in excess of 7mm (Rawson 1991)
A limited amount of chemical interaction takes place between the tin and the glass
surface in contact with it, such that the surface concentration of tin in that surface is
in the order of 2% and falls to a negligible level within a distance of 30 microns from
the surface. The tin side of the glass has been shown to be marginally weaker than
the air side (Beason 1980). Furthermore, a number of surface treatments are easier to
apply on the air side.
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If soda-lime-silica glass is held at a temperature in the region of 800°C to 1100°C for a
long enough time, crystallisation will take place, resulting in opaque glass. This
phenomenon also known as devitrification is avoided by rapidly cooling the molten
glass from 1050°C to 600°C as it passes along the float bath. At 600°C its viscosity is
sufficiently high for it to come into contact with the rollers of the annealing lehr
without deforming under its own weight.
2.2.2.3 Cooling
The glass is cooled uniformly from 600°C to 200°C as it passes over the rollers of
within the annealing lehr. This process involves heating the edges of the glass at
certain points, while the centre is being cooled with room air. This gradual, uniform
cooling eliminates residual stresses and makes the glass particularly suitable for
cutting.
2.2.2.4 Checking & cutting
The glass is checked for optical faults in the form of small inclusions, bubbles, lack of
flatness and glass inhomogeneity that must be kept below specified limits (BS 952
1978, ASTM C1036 1991). The checking process is usually automated and generally
involves illuminating the glass onto a perfect white surface, the section with
unacceptable blemishes is cut out and discarded during the subsequent cutting
process. Glass is generally cut by a computerised process, after which it is batched
for warehousing or processing.
2.2.2.5 Modified primary manufacture
There are three forms of modification to the above basic manufacturing process:
(i) The addition of metal oxides to the constituents of the melting furnace to
produce tinted glass. These small additions colour the glass bronze, green,
blue or grey with the effect of reducing solar energy transmission by up to 30%
and light transmission by up to 60% with respect to basic float glass.
(ii) The bombardment with metal ions, such as lead and copper, of the glass within
the float bath, to produce surface modified glass. Reflective coatings produced
by this process may reduce solar energy transmittance by up to 60% with
respect to basic float glass.
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(iii) Rollingglass, which is generally used for making wired glass. In this process,
the float bath is replaced by rollers, which sandwich and consolidate a steel
wire mesh between two separate ribbons of glass. Wired glass is mainly used
for safety glazing and fire resistance.
2.2.3 Secondary Manufacture
Primary manufacture and modifiedprimary manufacture of flat glass create a range of
products, which historically have satisfied market demands. However, increasing
consumer and specific demands for better performance, have required the industry to
develop new products made to higher standards. These products have been achieved
by post-processing the original float glass and by means of manufacturing techniques
ranging from the simple and comparatively traditional to the extremely high
technology methods.
The secondary manufacturing techniques that do not require the addition of extrinsic
materials are generally referred to as primary processing, whereas the techniques that
add foreign materials or components to the basic glass are classified as secondary
processing.
2.2.3.1 Tempered glass
Although the basic technique was mastered in the 1870's and the main features of the
tempering process can be simply explained, the complete understanding of the process
is relatively recent (Gardon 1980, 1987).
Flat glass is usually tempered (or toughened) in a horizontal roller hearth furnace.
The glass sheets, cut to the required final size and edge finished are driven backwards
and forwards within a furnace until the glass reaches a temperature of 625°C. The size
of the tempered glass plate is limited by the size of the furnace and is generally not
greater than 3100 x 2410mm. The glass leaves the furnace and enters the quenching
plant, which typically comprises jets above and below the glass, blowing air at ambient
temperature on the glass surface as the glass is driven backwards and forwards to
ensure uniformity of treatment and to minimise distortion.
Current trends and literature review 9
The behaviour of glass with
increasing temperature can
be defined in terms of
viscosity (Figure 2.3a) and
stress relaxation time. Up to
the strain point (1013.5 Pa s at
520°C) any stress in the
glass will be removed in a
matter of an hour or more.
At the annealing point (1012
Pa s at 540°C) any stress in
the glass will relax in a matter of several minutes. Between the lower and upper limits
of the tempering range (109.2 Pa s at 620°C to 108•5Pa s at 640°C)any stresses in the
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Figure 2.3b The tempering process
Quenching phase of the tempering process of 6mm glass showing (a)
temperature distribution and (b) stress distribution as functions of
quenching time. S.P. - strain point, AT - difference in temperature
between midplane and surface. (McMaster et. al. 1985)
glass will be removed in a matter of several seconds.
Temperature, of
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20
~ __ ~'_~'_~ __ ~5
400 600 600 700 800
Temperature, ·C
Figure 2.3a Glass viscosity
Plot of log viscosity vs. temperature
from strain point to tempering range.
(McMaster et. al. 1985)
Consequently, by the time the glass has been heated to a temperature within the
tempering range, it is largely stress free. During the quenching phase (Figure 2.3b),
the surface of the glass is cooled faster than the interior and a parabolic temperature
gradient is established across the thickness of the plate. As long as the glass
temperature is above the strain point, stresses resulting from the thermal contraction
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gradient tend to relax. By the time the surface temperature reaches the strain point
(~ 1.5s), the thermal gradient has largely been established. As the strain point
temperature front progresses from the surfaces to the midplane, two events are taking
place: the portion of the glass toward the interior is relaxing stresses, and the portion
toward the exterior is developing stresses in response to the strains generated by the
thermal gradient. The latter results in the surface of the glass being put into a state of
compression, the magnitude of which steadily increases until all of the glass is below
the strain point temperature. When the strain point temperature front reaches the
midplane (~ 12s), the glass is in an elastic state with a stress distribution and a
thermal gradient already established. When the glass reaches room temperature
throughout (00), the temperature gradient has been completely transformed into the
residual stress distribution. The residual stress distribution is parabolic in shape;
consequently, the magnitude of the surface compression is twice that of the mid-plane
tension, because the sum of the residual tensile and compressive stresses must be
zero to be in equilibrium,
Unlike the central regions of the tempered glass plate, the presence of other exposed
surfaces such as at the edges, corners and at hole locations result in distorted
parabolic stress distributions shown in figure 2.4.
Because of the controlled residual stresses introduced in tempered glass, any
externally applied forces must first neutralise the surface compressive stress before
any tensile stress can be set up. As a result, the tensile strength of tempered glass is
generally considered to be four to five times that of annealed glass, but other physical
properties remain unchanged. Furthermore, if a crack is driven through the
compressive layer of toughened glass into the central tension region, there is enough
tensile strain energy available to make the crack propagate violently through the glass
to form small harmless dice and this is deemed to be a safety glazing material. The
disadvantage associated with this property is that most toughened glass has to be cut
and processed to order, so that it can fit the assembly for which it was intended. This
places particular demands on procurement time and availability.
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Figure 2.4 Tempering stresses
Summary of thermally induced principal stress distributions at different locations of a tempered glass plate. (Laufs
1998)
The magnitude of the residual stress and the size of the fragments are controlled by a
number of factors, namely, the rate of cooling during the quenching process, the glass
thickness, the furnace quality and the skill of the operator. The American code ASTM
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C1048-92 (1992) specifies a minimum surface pre stress of 69 N/mm2, whereas the
level of stress required to meet the requirements of BS 6206 (1981)Class A, based on
fragmentation particle count, is about 90 N/mm2. However the level of surface
compressive stress is in the hands of the manufacturer and is limited by the speed of
quenching. Toughened glass with a residual surface stress of 120N/mm2 to
140N/mm2 is commercially available and an upper limit of 300 N/mm2 has been
proposed by Sedlacek et. al. (1995).
Spontaneous fracture has been a major concern with tempered glass in the past. This
is caused by nickel sulfide, which tends to expand with time thus leading to sudden
fracture. This problem has been largely overcomeby using high quality material and
by heat soaking the tempered glass at 290°Cfor several hours (DIN18516, 1990).
The property of fully toughened glass which causes it to be termed safe is the lack of
sharp glass fragments formed during breakage. However, 5m2 of 10mm flat glass
weighs 125kg, and this quantity of fragmented rocky material falling from a storey or
more of height can cause injury and damage, even if the particles are small and
rounded.
2.2.3.2 Heat treated glass
Heat treated glass is produced by a similar process to toughened glass but the furnace
temperature and the cooling rates are varied so that the induced thermal stresses are
between 1/2and 1/3those of toughened glass. Consequently heat treated glass is
approximately twice as strong as annealed glass, however the fracture pattern is
similar to that of annealed glass and is therefore not considered a safety glass.
2.2.3.3 Chemically strengthened glass
This glass is produced by replacing the sodium ions in the glass surface with
potassium ions, which have a 30% larger radius. This tends to expand the glass
structure in the surface layer, a tendency that is resisted by the unchanged interior.
As a result a thin compression layer is produced on the glass surface. The process has
the great advantage over thermal tempering that it can be used to strengthen much
thinner glass. It has the disadvantage however, of being very slow, treatment times
being normally in the order of several hours. As might be expected, the glass
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composition has a large effect on the extent of the ion exchange which occurs and
hence on the degree of strengthening that can be obtained. The highest strengths
(700N/mm2 to 1000N/mm2) have been obtained using alkali aluminosilicate glasses
containing 10-20% of alumina. Commercial soda-lime glasses can also be
strengthened, but not to the same extent (Rawson 1991).
2.2.3.4 Laminated glass
Laminated glass consists of bonding two or more sheets of glass with an adhesive
interlayer.
One method consists of pouring a self-curing resin between sheets of glass, which are
maintained at the correct separation by double-sided tape around the perimeter. This
process has the advantage of fillingcavities created by fluctuating dimensions.
The more popular process consists of using sheet plastic interlayer, usually PVB
(PolyvinylButyral) with a thickness of 0.38, 0.76 or 1.52mm. The translucent PVBis
cut and layered between glass sheets and converted to a clear and strong adhesive by
heating to 150°Cand applying a pressure of 860kPa.
When laminated glass is broken, the interlayer tends to hold the fragments of broken
glass in place and may be thus considered a safety glazing material. The actual
breakage pattern is the same as that of its individual laminates. Recent research
suggests that the lateral flexural strength of laminated glass is equivalent to that of
the same thickness of monolithic glass, but this tends to decrease at sustained loads
and high temperatures (Norvilleet alI993).
Laminated glass can incorporate several thicknesses and combinations of annealed
and toughened glasses, as well as other materials such as polycarbonate to achieve
specific performance characteristics. This gives a selection of products with a wide
range of properties and applications. Laminated glass can be used as safety glazing,
bullet-resistant glazing, as well as glazing for sound attenuation, solar control, fire
resistance, vandal resistance and overhead applications.
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2.2.3.5 Bent glass
Bent glass is produced by heating annealed glass to a temperature between 600°C and
700°C,where it softens and relaxes into a mould. Three methods are currently in use:
moulding (or sag bending), tong-held bending and roller-hearth bending (Wigginton
1996; Dawson 1998).
Ease of bending depends on glass thickness and 10mm glass is the thickest glass
commonly bent. The smallest radius possible is about 150mm. Tempered and
laminated bends have traditionally been manufactured for mass production such as
car windscreens. Alternative methods have recently been developed by specialist
manufacturers, which enable the production of small to medium quantities of curved
tempered glass to satisfy the demands of the building industry (Dawson 1998).
2.2.3.6 Surface worked glass
Fine surface textures may be applied to glass by sand blasting or acid etching with
hydrofluoric acid. Patterns are produced by masking and wax protection that keep
parts of the glass surface untouched. Deeper textures, cuts and designs are produced
by engraving using an abrasive copper wheel, a diamond point or a carborundum
pencil.
2.2.3.7 Printed glass
Printed or ceramic enamelled glass consists of screen-printing ceramic ink on to float
glass, which is fused into the surface by toughening. This produces a very hard
enamel surface, effectivelyas hard as the glass itself, which meets requirements of
aesthetics, solar control and information display.
2.2.3.8 Coated (off-line)
This coating is applied to individual plates of glass after manufacture and deposited by
means of dip coating in chemical solutions, electron beam or direct heat vacuum
evaporation and magnetron sputtering. These coatings produce solar optical and
thermal insulation properties similar to on-line coatings.
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2.2.3.9 Multiple glazed units
Multiple glazed units incorporate two or more panes, separated by spacers to create a
hermetically sealed gap between each successive pane in the unit. A number of
materials may be inserted into the cavity to improve the performance of the unit.
These include intumescent gels for fire resistance, argon gas for thermal insulation,
louvers for solar control, sulphur hexaflouride gas for sound insulation. Reflective
films or lowemissivity coatings may also be added to one or more glass surfaces. The
cavity is subsequently desiccant dried.
A more recent development of multiple glazed units is vacuum glazing, which
effectively evacuates the space between the two glass sheets, thus improving the
thermal insulating performance of the unit (Collinset. al. 1995; Collins& Simko 1998;
Collins et. al. 1999; Overend 1999a).
2.2.4 Product Permutations
Using the basic float glass product, permutations of the many glass processing
technologies generate an extensive range of glass product performances to meet
building needs. For example basic float glass may be clear, tinted or coated, which can
then be treated or bent. It can be further printed, laminated and double glazed.
There are however some combinations which are not feasible to manufacture. The
major restrictions are:
(i) Wired, deeply patterned and deeply worked glass products cannot be heat
treated.
(ii) Tempered glass cannot be subsequently surface or edge worked or cut.
Some combinations are feasible only by specialised manufacture. However,given the
manufacturing parameters, the permutations are considerable. The information
produced yearly by the major glass manufacturers on the products available and the
possible permutations are in most cases much larger than this thesis.
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2.2.S Molecular structure
The approximate composition by weight of the chemically unmodified glass produced
is as follows:
(i) Silicon Si02 (70 - 74%)
(ii) Lime Ca 0 (5 - 12%)
(iii) Soda N~ 0 (12 - 16%)
(iv) Magnesium MgO (0 - 5%)
(v) Aluminium Al203 (0.2 - 2%)
Depending on the origin of the raw materials variable proportions of other trace
materials will be present.
The molecular structure of glass (Figure
2.5) is made up of oxides of various
elements - mainly silicon, sodium,
potassium, calcium, magnesium and
aluminum which at high
temperatures form a viscous magma.
Cooling of this magma is carried out at
such a rate that the increasing viscosity
prevents crystal growth (devitrification).
As the glass cools its viscosity increases
to such a high value that it effectively
becomes a solid, and the randomly
oriented molecules are frozen into the
structure. Glass may therefore be
defined as an inorganic product of
fusion, which has been cooled to a rigid
state without crystallisation (Creyke et.
al.1982).
• Si
00_NO
Figure 2.S Molecular structure
Typical 2-Dimensional representation of the
amorphous structure of soda lime glass after the
model of Zachariasen and Warren (Wigginton
1996).
The silicon and oxygen ions, known as network formers, are bonded together to form
the basic three-dimensional network structure. Network modifiers consisting of ions
of sodium, potassium, calcium and magnesium, are bonded in the holes of the silicon-
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oxygen former network. This complex molecular structure makes glass a uniquely
durable material.
The absence of a crystalline lattice results in an isotropic material with no slip planes
or dislocations to allow yield before fracture. Thus glass characteristically exhibits
brittle fracture. The theoretical strength of glass is dependant on the covalent bond
rupture and should be between 16,000 N/mm2 (Holloway1973) & 21,000 N/mm2
(Creyke et.al. 1982, Button & Pye 1993).
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2.3 THE STRENGTH OF GLASS
2.3.1 Introduction
The application of a force to a material causes stretching of the inter-atomic and inter-
molecular bonds (strain), whilst at the same time internal forces (stress) develop in
order to resist this deformation. At higher levels of stress most materials deform
plastically and are able to accommodate large strains without failure although they
may be permanently deformed.
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Figure 2.6 Stress-strain curves for various materials
Stress-strain curves for various brittle and ductile materials together with a curve representing the ideal
engineering material, which behaves in a linear elastic manner up to a known stress level and exhibits
work hardening at higher levels of strain. (Creyke et al 1982).
In contrast to most other building materials, glass is brittle in the sense that the
measurable plastic work to failure is negligible, resulting in failure without warning at
microscopic strains that are purely elastic. The reason for this lack of ductility is
associated with the random atomic bonding caused by the manufacturing process of
glass.
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Many metals have simple molecular structures in which it is relatively easy to produce
shear strain by movement of dislocations. The random molecular structure of glass
lacks crystallinity or long range order and has no slip plains or dislocations to allow
yield before fracture. Consequently glass exhibits brittle fracture at near ambient
temperatures, resulting in a perfectly linear stress-strain relationship. Plastic work
can only be observed at very high temperatures that prevent the development of
cracks.
The following conclusions about the physical properties of glass can be deduced from
the stress-strain diagram:
(i) When glass is under stress, it deforms to a certain extent and then stops.
There is no further deformation or creep with time.
(ii) Glass is not subject to dynamic fatigue (from cyclic loading). The perfect
linearity of its stress-strain curve means that reversals of stress leave the glass
unchanged; for example, no work hardening can occur.
(iii) Glass does not suffer from permanent deformation. When a stress is removed
the glass returns to its original shape.
(iv) The absence of any plastic deformation and the inability to redistribute stresses
leads to susceptibility to local over-stressing and vulnerability to flaws.
Strength is arguably the most
important single factor when
designing structural glass assemblies.
When one refers to strength, it is
usual to consider the ultimate stress
the material can withstand without
failure in tension. For glass this is
the stress at the point of fracture and
should on inter-atomic bond strength
calculations be between rs.ooo
Njmm2 and 21,OOONjmm2.
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Figure 2.7 Glass strengths
Theoretical and practical strengths of different
forms of glass plotted against effective crack
lengths. (Sedlacek et al1995).
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On freshly drawn glass fibres, tensile stresses of up to 5000 N/mm2 have been
measured and even when incorporated into a resin to form glass reinforced plastic,
glass fibres have a usable stress of 1,200 N/mm2 (Button & Pye 1993). However,
weathered window glass fails at stress levels of around 25 N/mm2 (Figure 2.7).
Table 2.1 and Table 2.2 consist of allowable tensile stresses as recommended by
various bodies. The allowable stresses in brackets refer to the true stresses in the
plate derived from non-linear analysis. All other values are based on small deflection
formulae, which overestimate the strength of glass in large deflection situations and
should not be adopted when performing non-linear analysis.
Most of the values presented are based on rules of thumb and on the experience of
manufacturers. The discrepancies that exist between these allowable glass strengths
are the result of different simplifying assumptions adopted.
Table 2.1 Allowable tensile stresses
for short term loads.
Source Glass Type Allow. Stress
Pilkington Annealed (6mm) 28N/mm'
Annealed (Bmm) 22.9N/mm'
Annealed (lOmm) 17.BN/mm'
Patterned 27N/mm'
Wired 21N/mm'
Heat Strengthened 37N/mm'
Toughened 59N/mm'
Flachglas, Veiga & Annealed 3ON/mm'
Interpane Toughened 5ON/mm'
Isolar Annealed 20N/mm'
Schuco Annealed 20N/mm'
Toughened 5ON/mm'
CAN/CGSH-12.20-MB9 Annealed (20N/mm')
Heat Strengthened (40N/mm')
Toughened (BON/mm')
DIN 1249 Part 10 Annealed 3ON/mm·
Toughened 5ON/mm'
DIN 1B056 Annealed 35-38N/mm"
(15-25 N/mm;
AS 1288 Annealed 15.2N/mm"
Toughened 38N/mm'
Draft Euro. Standard Annealed (IBN/mm;
CEN/TCI29/WG8 Toughened (50.6N/mm·)
Table 2.2 Allowable tensile stresses for
long term loads
Source Glass Type Allow. Stress
Pilkington Annealed 7N/mm"
Heat Strengthened 22N/mm"
Toughened 5ON/mm'
CAN/COSH- Annealed (BN/mm;
12.20-M89 Heat Strengthened (24N/mm')
Toughened (64N/mm;
DIN 1249 Part 10 Annealed 3ON/mm'
DIN 18056 Annealed 35 -38N/mm'
(15 -25 N/mm;
AS 1288 Annealed 7.6N/mm'
Toughened 19N/mm'
Draft Euro.Standard Annealed (6.75N/mm1
CEN/TCI29/WG8 Toughened (39.35N/mm')
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2.3.2 Fracture Mechanics of Glass Failure
Early this century, Inglis (1913) a
British NavalArchitect, recognised that
a slot, notch or hole in a metal plate
tends to reduce its tensile strength by
an amount that is more than would
result simply from the reduction in
load-bearing cross-sectional area. He
demonstrated that the stress field near
the tip of an elliptical discontinuity may
be magnified many times over and
depends on the radius of curvature of
the discontinuity in proportion to its
length perpendicular to the stress field.
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Figure 2.8 Notchedplate
Plate containing elliptical cavity, semi-axes b, c,
subjected to uniform applied tension O"A. C
denotes the 'notch tip'. (Lawn 1993).
Beginningwith the equation of the ellipse,
(2.1)
one may readily show the radius of curvature to have a minimum value,
p = b2/c, (b<c) (2.2)
at C. It is at C that the greatest concentration of stress occurs:
a; = (ja(l + 2c/b)
= (ja(1 + 2(c/ p)1/2] (2.3)
The stress concentration factor for a verynarrow ellipse reduces to:
(je/ (ja ::::2c/b = 2(c/ p)1/2 (2.4)
Where p is the radius at the crack tip.
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If the material cannot flowby plastic means, a sharp notch stays sharp, and the stress
at the tip is limited only by the atomic bond strength. If the local stress at the tip
exceeds the atomic bond strength, the bonds break and the crack grows. Electron
microscopy has shown that cracks in brittle materials are indeed atomically sharp,
(Lawn et. al. 1980). Consequently even the micro-flaws would experience a hundred
fold stress magnification at the crack tip so that relatively low applied stresses would
be capable of producing bond rupture stresses at the crack tip.
It thus became apparent that even submicroscopic flaws might be potential sources of
weakness in solids. More importantly, the Inlgis equations provided the first real
insight into the mechanics of fracture; the limiting case of an infmitesimally narrow
ellipse might be considered to represent a crack. Despite this breakthrough, the
fundamental nature of the fracture mechanism remained obscure.
Ironically, the man who first recognised the effect of surface flaws on glass strength
was studying the failure of metals. A.A. Griffith (1920) was investigating the effect of
scratches on the strength of aircraft propeller shafts when he realised that the
contemporary concept of failure, that is, fracture would only occur when the stress
exceeded some particular value characteristic of the material, did not always hold
true. He formulated his flaw hypothesis, which argued that fracture started not from
a pristine surface, but from pre-existing flaws in that surface (Griffith flaws) and
calculated the conditions required for crack extension. To verify his calculations
Griffith required an ideal isotropic material that could be worked with relative ease in
the laboratory. He chose glass.
The concept introduced by Griffith in his historic paper published in 1920 was that
crack growth is a thermodynamic process in which total energy of the system is
minimised. Griffith reasoned that energy is required to create new surfaces (Us). At
the same time crack growth releases mechanical (strain + loading system potential)
energy (UM) stored in the system. The change in system energy is thus given by:
(2.5)
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Since crack growth results in a decrease of mechanical energy, the sign of UM is
negative. Griffith's energy balance concept, which is the building block for
contemporary brittle fracture theory, predicts that a crack will extend when:
dU <0
de (2.6)
Where c is half the major axis length of an elliptical cavity.
To determine the energy stored in the system, UM, Griffith made use of the work of
Inglis (1913) on elliptical cavities in plates. For a crack length of 2c under an applied
tensile stress aa, the mechanical energy is represented by:
2 2
U _ trC O'aM-
E
(2.7)
And the energy of the new surfaces created by the growing crack is:
us= 4ey (2.8)
Where r is the free surface energy per unit area. The system energy is thus:
u = (2.9)
The Griffith equilibrium condition in equation 2.6 may be applied to equation 2.9 to
calculate the critical conditions at which instantaneous failure occurs:
(2.10)
Where Cc is the critical crack length. Thus from equation 2.10 it may be concluded
that the failure stress is inversely proportional to the square root of the critical flaw
length.
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Experimentally Griffith found that Us c c1f2 = 0.26MPa m1f2 for glass. Since the
instantaneous failure stress of new float glass samples is approximately 100MPa, then
from the equation 2.10, the length of the flaws responsible for failure is only 6.0x10-6
m and this is why they had not been previously detected.
In a series of papers concerning the
fracture of glass, E. B. Shand extended
the fundamental concepts of the
Griffith theory to develop a more
applicable glass fracture theory (Shand
1961 and Shand 1965). Shand
considered a straight surface flaw with
a depth of penetration into the surface
of the glass plate that is small with
respect to the thickness of the glass
plate as shown in figure 2.9.
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Figure 2.9 Idealised flaw
Cross section through idealised flaw in which hi is the flaw
depth and r the effective flaw tip radius (Shand 1965).
The maximum local stress associated with an idealised surface flaw occurs at the flaw
tip and is given by:
(2.11)
Where O"a is the maximum principal tensile stress to which the flaw is subjected, K is a
stress concentration factor which depends upon flaw geometry, fir is the flaw depth
and p is the effective radius of the flaw tip (Shand 1965).
Irwin (1958) extended the original Griffith flaw hypothesis and energy balance concept
to provide a means of characterising a material, rather than a particular sample, in
terms of its brittleness or fracture toughness. The strain energy released per unit
width of crack front, due to the incremental extension of a crack of length c is adopted
from Griffith (1920) and can be defined as:
G=- dUM
de
(2.12)
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For a crack to propagate in glass, G must have a value greater than or equal to the
energy required to from the new surfaces. This critical strain energy release rate, Gc,
though experimentally determined, is a material property and not dependant on the
nature of the sample. It is a measure of the material's resistance to the propagation of
cracks or 'toughness'. Brittle materials obviously have a low value of Gc (Glass Gc =
8J1m2) while materials which undergo plastic deformation have a high value of Gc
(Copper Gc = 106 J1m2) (Brungs 1995).
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Figure 2.10 Extension of a crack
Static plane crack system, showing incremental
extension of crack length e through de under
applied load P (Lawn 1993).
Figure 2.11 Crack propagation modes
The three modes of crack-surface displacement
(fracture): I, opening mode; II, sliding mode; III,
tearing mode (Lawn 1993).
There are three basic modes of crack - surface displacement as shown schematically
in figure 2.11. Mode I (opening mode) corresponds to normal separation of the crack
walls under the action of tensile stresses; mode II (sliding mode) corresponds to lateral
shearing perpendicular to the crack front; mode III (tearing mode) corresponds to
lateral shearing parallel to the crack front. Of the three modes, the first is by far the
most pertinent to crack propagation in highly brittle solids.
A convenient material property defmed by Irwin (1958) is the stress intensity factor, K,
for mode I loading and its critical value K/c. The stress intensity factor is a means of
characterising the elastic stress intensity near the crack tip and is dependent on the
applied loading and specimen geometry.
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The relationship between the critical stress intensity factor, Ktc, and the critical strain
energy release rate is given by:
for plane stress (2.13)
(2.14)
A typical value of Ktc for soda-lime glass under uniform stress is 0.78 MPa m1/2 (Atkins
& Mai 1988)
The stress intensity factor due to an applied uniform stress, CF, in an infinitely long
specimen of finite width 2W is given by:
K = aY(nc)1/2 (2.15)
Where Y is the shape correction factor and takes account of different methods of
loading, shapes of external boundaries of the cracked body and nearness of external
boundaries.
Tada, Paris and Irwin (1973) have
shown that for crack widths that are
small when compared to the specimen
width: Y = 1 for a centre cracked panel
shown in figure 2.12a; and Y=1.122 for
a double-edged notched specimen or a
single-edged notched specimen, shown
in figures 2.12b and 2.12c. For half
penny cracks in a semi-infinite solid it
has been shown that Y = 0.713. (Atkins
& Mai 1988)
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Figure 2.12 Crack locations
(a) centre cracked panel, (b) double edged
notched specimen, (c) single-edged notched
specimen (Tada, Paris & Irwin 1973).
When K = KIC instantaneous fracture occurs. Consequently if Gzcor K]c has been
determined for a material, and with knowledge of the maximum crack size expected, a
safe working load can be specified.
2W 2W
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These fundamentals of fracture mechanics provide an explanation for the fact that
glass failure can usually be traced back to a single point of origin and that failure
rarely initiates from the point of maximum stress. Glass actually fails at a point
where surface tensile stress and flaw severity combine to cause a critical stress
concentration factor on the glass surface. The flaw distribution varies considerably
from one glass sample to another both with respect to their severity and their position
on the surface. Consequently strength measurements made on a batch of apparently
identical glass specimens articles vary considerably, a coefficient of variation of 25%
being typical (Rawson 1991). This inherent variability associated with the surface flaw
characteristics implies that the strength must be treated statistically and maximum
stress-oriented failure theories are unable to accurately portray the tensile strength of
glass. It is possible to conclude that general allowable stresses such as those
presented in Table 2.1 and Table 2.2 must be used with caution.
2.3.3 Flaw Statistics
A spread of strength values is always obtained when a batch of nominally identical
test pieces of a brittle material is broken in a carefully controlled way. If enough test
pieces are broken, it is found that the strength values lie on some shape of a
distribution curve. The narrower the distribution, the more reproducible the strength
of the material and the more reliable the material is at performing a function under
load. If the distribution curve is wide, the material has highly unreliable strength and
should be designed accordingly.
Reliability inevitably embodies a probabilistic element and although more than one
scientist has expressed unease with the notion of rolling dice, until the advent of super
materials with ultra-high, non-degradable strength, statistics will remain an
indispensable factor in engineering design (Creyke et al. 1982). Designers reconcile
themselves to the notion of a risk of failure over a lifetime, acceptable values of these
quantities depending on specific applications. The classical form in which risk is
expressed for any structure, including the human body, is the bathtub curve of Figure
2.13 representing the mortality rate as a function of time. Such a curve is certainly
representative of the strength characteristic of glass components - glass failure is most
Current trends and literature review 28
frequent during manufacture and initial screening or after prolonged wear and tear in
stringent service environments.
In recognition that variability In
strength and lifetime is unavoidable,
flaw statistics enters as a central
element of reliability analysis in brittle
materials. Statistical approaches regard
individual flaws as members of some
Initial
failures
I
I
Random faihires IWear-out failures
determinable distribution. Their
Lifetime
attraction (and at the same time
limitation) is that they allow the
designer to predict survivability without
intimate knowledge of flaw or even
material properties.
Figure 2.13 Bathtub curve
Mortality is more probable during and immediately
after birth (pre-existing defects) or after prolonged
wear and tear in service (accwnulated defects).
(Lawn 1993).
A limited amount of statistical information exists in literature related to the resistance
of full-size window glass specimens subjected to uniform lateral pressure. Hershey
and Higgins (1973) reported a normal distribution and a coefficient of variation (CV)of
22% for the resistance of glass plates subjected to lateral pressures. For the resistance
of glass plates subjected to one-minute constant lateral pressure, PPG (1979) reported
a normal distribution with a CV of 25% for annealed glass and a normal distribution
with a CVof 20% for heat-strengthened glass. Walker and Muir (1984) stated that the
Australian wind load related glass design methodology was based on an assumed
normal distribution of 25%. In contrast Bowles and Sugarman (1962) described lateral
pressure resistance of rectangular glass plates in terms of a Weibull distribution, and
McLellan and Shand (1984) stated that glass breaking stresses had "a pronounced
tendency to be nongaussian". Reed and Englesen (1986) reported that the load
capacities of glass panels based on three-parameter Weibull distribution provided a
closer estimate to published results in PPG (1979) for new glass then did estimates
based on the two-parameter Weibull distribution. Yet, the validity of using the PPG
(1979) data as a yardstick of accuracy was called into question earlier by Reed and
Simiu (1984), who reported that the PPG data contained internal inconsistencies.
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In the Canadian Standard for the Structural Design of Glass in Buildings CAN /
CGSB-12.20-M89 (1989) the glass strengths are fitted to a two-parameter Weibull
distribution rather than a normal distribution, because the former "is more convenient
for computations of the Failure Prediction Model presented by Beason and Morgan
(1984) ".
More recently Behr, Karson and Minor (1991) performed a reliability analysis of
window glass failure pressure data by comparing the performance of six probability
distributions namely: 2 and 3 parameter Weibull distributions, 2 and 3 parameter
Lognormal distributions, normal distribution and Gumbel extreme value distribution.
They concluded that "from the combined perspectives of conservatism and realism, the
2-parameter Weibull distribution appears to be the most appropriate of the probability
distributions investigated herein for modelling full-size architectural glass units". In
accordance with these conclusions, the US code for determining the minimum
thickness and type of glass required to resist a specified load ASTME 1300-94 (1994)
and its update ASTM E 1300-97 (1997), adopts a 2-parameter Weibull distribution.
Nowadays it is generally accepted within the glass design community that the 2-
parameter Weibull distribution provides the best fit for glass strength data.
Weibull statistics (Weibull 1939, 1951) provides a description of the strength of glass
in which a distribution function containing adjustable parameters is used to predict
the instantaneous probability of failure Pf of a specimen.
The probability of failure is described by:
(2.16)
where B is known as the risk function and reflects the risk of failure and for small
probabilities of failure (Pf < 0.1) the following relationship is sufficiently accurate:
(2.17)
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In a two-parameter Weibull distribution, the risk function B is defined by the most
frequently occurring value, generally referred to as the mode, eTo, and the non-
dimensional shape parameter, m, such that:
(2.18)
The mode, eTo, and parameter m defines the shape and scale of the Weibull curve. For
a Weibull shape parameter m = 7 and a reference area of 1m2, the mode eTo =
32.1N/mm2 for in service glass. New glass can be expected to have a considerable
higher value of eTo.
2.3.4 Factors affecting glass strength
From the various numerical and physical tests carried out by Charles (1958), Brown
(1974), Beason & Morgan (1984), Dalgliesh & Taylor (1990), Norville et. al. (1991) and
Sedlacek et. al. (1995), it may be concluded that the strength of annealed glass
depends on the following parameters:
(i) duration of application of load.
(ii) environmental conditions, especially humidity.
(iii) surface area of glass exposed to the tensile stress.
(iv) geometries and orientations of the surface flaws.
(v) magnitude and distribution of surface tensile stresses in glass.
2.3.4.1 Load duration & environmental effects
'When surface flaws are exposed to tensile stresses in the presence of water vapour,
flaws corrode more rapidly in depth than in width, leading to higher stress
concentrations and consequently failure at progressively lower loads. This
phenomenon, commonly referred to as static fatigue, has been widely researched
(Charles 1958, Brown 1969 & 1974, Beason 1980 and Dalg1iesh & Taylor 1990). The
term static fatigue is unfortunate, because it has nothing to do with the more widely
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known mechanism of fatigue in metals. A better term to describe this phenomenon
would be stress corrosion. The rate at which this occurs is negligible in inert and dry
environments, but increases substantially when the glass surface is exposed to high
relative humidifies (Beason 1980).
The most popular stress corrosion theory is that formulated by Brown (1969 & 1974),
which includes a form of cumulative
damage criterion to account for the
growth of micro-flaws under tensile
stress.
Brown (1969) combined the work
of Charles (1958) and Charles &
Hillig(1962) to formulate the load
duration theory. Brown derived
an empirical relation for what he
termed the critical strength S
associated with a particular flaw
as the result of the cumulative
effect of stress, temperature and
relative humidity:
s= ifRH e-<-ro IRT>(lTi) r dt
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Figure 2.14 Variation of glass strength
with load duration
Stress corrosion observed in specially fabricated glass
specimens exposed to normal amounts of atmospheric
humidity and constant load (Minor 1974)
(2.19)
Where tf is the time to failure, RH is the relative humidity, 0' ft) is the macroscopic
stress at the critical flaw as a function of time. T is the temperature, R is the universal
gas constant, ro is an activation energy and n is the static fatigue constant which
Charles and Hillig(1962)found experimentally to be 16.
At some reference conditions To and RHo, and for the special case a linearly increasing
load with time (0' = ~, the constant S evaluates to:
(2.20)
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However, for any RH and T, S is given by equation 2.19. Hence, for any experimental
conditions RH, T and aft), O"e is the equivalent stress which, if applied at the rate P for a
time to, at temperature T and relative humidity RHo, leads to the same probability of
failure as the actual stress aft) applied as some arbitrary function of time over a period
tf at temperature T and relative humidity RH. The reference time to, is generally
assumed to be 60s, thus making O"e the 60-second equivalent failure stress.
[ ]
l/(n+l)
a ; =C I'RH(a(t)/Tte+ro'RT) dt (2.21)
where
[ [ 1] l/(n+l)C = Ton(n+ l)p / RHo e -Yo/RTo (2.22)
For the special case of a constant stress aft) = 0", applied over a time tf, and where T =
To, then equations 2.21 and 2.22 reduce to:
(2.23)
Beason (1980) proposed a similar equation for obtaining the equivalent stress, O"e,
which if applied constantly for t seconds leads to the same probability of failure as the
actual constant stress, equation 2.23 may be re-written as:
(2.24)
Under constant load and constant relative humidity, stresses are constant and for 60
second equivalent stresses equation 2.24 reduces to the following expression:
_ [tf]l/n
a -a-
e 60
(2.25)
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One apparent consequence of these
load duration formulae is that at
extremely long durations, the allowable
stress must decrease to a negligible
level. In practice this does not occur and a lower limit, to the strength of glass exists,
below which it will not fail. The exact cut-off point has not been identified and values
of between 25% and 40% of the short-term strength have been suggested.
Beason (1980) assumed the static
fatigue constant, n, to be a material
property, which is dependent on the
environmental conditions, especially
humidity and argued that 16 was the
most reasonable value. This is in
agreement with the findings of
Dalgliesh & Taylor (1990) and coincides
with the lower limit reported by
Sedlacek et al. (1995) (Table 2.3).
Table 2.3 Static fatigue constants
The magnitude of the inverse of the static fatigue
constant n, gives and indication of the rate of sub-
critical crack growth in soda-lime glass (Sedlacek
et. al. 1995)
Environment n
Liquid water 16.0
at 2SuC
Air with SO"loRH 1B.1at 2SuC
Air with 10"10 RH 27.0at 2SuC
Inert, dry environment
70.0at 2SuC
Melting snow
16.0at2UC
This lower limit to the strength of glass may also be explained by fracture mechanics.
As already mentioned in section 2.3.2, when KI < KIC (where KIC = 0.78 for soda lime
glass) instantaneous fracture does not occur. However, sub-critical crack growth may
still be possible, due to the effect of the environment, and may ultimately lead to
fracture some time after the initial application of the load.
Experimental data of crack velocity as a function of the stress intensity factor KI shows
a characteristic shape as illustrated in Figure 2.15a. This figure identifies three
regions of characteristic behaviour. Region I is particularly important for this
discussion because the crack velocities are very low, in the range from 10-10 to 10-4m s-
Crack velocities in Regions II and III are generally too high to contribute
significantly to the time-to-failure estimates. The growth of a crack in Region I may be
represented empirically by:
(2.26)
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Where D and n are constants, which
depend on the material and the
environment. For soda-lime glass
immersed in water, n=16 and, with
dajdt in m S-1 and KJ in Pa m», 10glOD=
-102.6 (Fischer-Cripps & Collins 1995).
A critical flaw size Cc can be associated
with a uniform applied external stress,
0', by equation 2.15. This relationship
is illustrated in Figure 2.15b where the
stress intensity factor is shown in
terms of an applied external stress 0'
and crack length c. In this figure KJC
indicates the condition where
instantaneous failure occurs. For
instantaneous failure at stress aa, PI as
given by equation 2.16 is the
probability that an area A contains a
flaw of size equal to or larger then Cc.
However, if subcritical crack growth
occurs during a time tI, flaws of size c,
greater than co, will extend to a length
Cc over that time. Thus, for delayed
failure in time tl at stress aa, the
probability of failure PI, is in fact the
probability of area A containing a flaw
that may undergo sub critical crack
growth. The probability of delayed
failure at stress O'a is therefore equal to
the probability of instantaneous failure
at stress as where:
K = a Y(JrC)1/2le s (2.27)
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Figure 2.15a Crack growth regions
The three regions of sub-critical crack growth are
shown in a crack velocity with respect to stress
intensity factor. The vertical lines at K(c and K1scc
represent instantaneous failure and stress corrosion
limit respectively. (Fischer-Cripps & Collins 1995).
Instantaneous failure
Crack length
Figure 2.15b Stresses and crack growth
Showing sub-critical crack growth with and without
the presence of the static fatigue limit (Fischer-Cripps
& Collins 1995)
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The time-to-failure represents the growth of a flaw from an initial size c to a final
critical size Cc. This growth can be described analytically by integration of equation
2.26 to give:
(2.28)
where Ki is the initial stress intensity factor, before any sub-critical crack growth, for a
uniform applied stress CTa and crack length c as given by equation 2.27. Equation 2.28
assumes that KIC»Ki. The critical stress CTs for c is also given by equation 2.15 where
K= KIC, and hence:
(2.29)
Substituting into equation 2.28 gives:
(2.30)
and re-arranging,
(2.31)
In equation 2.31, CTs represents the critical stress for the initial flaw size c for a given
lifetime. However, experiments show that there is a stress intensity factor KISCC,which
depends on the material, below which sub-critical crack growth is either undetectable
or does not occur at all (Shand 1961; Wan, Latherbai and Law 1961; Wiederhom and
Bolz 1970; Wiederhom 1977; Michalske 1983). Ktscc is often called the static fatigue
limit and the above mentioned experimental results show that it lies between 0.25 MPa
ml/2 and 0.30 MPa m1/2 which equates to 32% and 38% of KIC respectively.
These values are in reasonable agreement with the 40% limit adopted by the Canadian
Standard for the Structural Design of Glass in Buildings (CAN / CGSB-12.20-M89,
1989) and the US code for Determining the Minimum Thickness and Type of Glass
Required to Resist a Specified Load (ASTME 1300-97, 1997). The values are also in
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conformity with the 38.5% limit adopted by the British Standard 6262 for 'Glazing for
Buildings' (1982). The draft European Standard CEN/TC129/WG8 (1997) proposes an
appreciably lower limit of 27% but the source of this limit is unclear. The Australian
Standard AS 1288 -94 (1994) adopts a high static fatigue limit of 50%, however, this
is counterbalanced by the low allowable tensile stress adopted for short term loads
(refer to Tables 2.1 & 2.2).
Equation 2.18 may now be re-written as:
(2.32)
Where O"e is the equivalent stress obtained when equivalent loads Pe are applied to the
glass specimen.
2.3.4.2 Surface area effect
A characteristic of the type of damage encountered on glass surfaces is that the most
severe flaws are relatively few in number and may be up to several centimetres apart.
Consequently the larger the area of glass surface which is subjected to tensile stress,
the larger the probability of one of the severe flaws being located within a highly
stressed part and hence the lower is the load bearing capacity.
Laboratory tests consisting of three and four point bending tests as well as Hertz
fracture tests (i.e. pressing a steel ball against the glass surface until fracture occurs)
have shown that the lateral load P resisted by a glass plate decreases as the stressed
plate area increases (Overend at al. 1999b). Such that:
(2.33)
Where Po is the lateral load sustained by a reference plate Ao of unit area (1m2)and m
is a constant whose value lies between 5 and 7. (Frownfleter 1959; Kerper & Scuderi
1964; Hamilton & Rawson 1970).
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Equation 2.32 may therefore be re-written as:
B=A [ue]m
Ao ao
(2.34)
or
(2.35)
Where k is a surface strength parameter (= AoO"o-m)
Substituting equation 2.35 into equation 2.16 gives the probability of failure for a
uniform 60-second equivalent stress, O"e, acting perpendicular to the critical flaw:
Pf = 1-expl- kAue m) (2.36)
2.3.4.3 Flaw orientation effect
The analytical formulations of Griffith (1920), Irwin (1958), Shand (1965), Tada, Paris
& Irwin (1973) and Fischer-Cripps & Collins (1995) only address the general situation
where the flaw is perpendicular to the direction of maximum principal stress.
However, it is clear that the orientation of the major principle tensile stress must play
an important role in determining
whether or not a particular flaw is
0;,,;.
capable of initiating failure.
The resultant equivalent stress O"e,
which acts normal to a crack rotated
at an angle f) from the direction of
the minor principal tensile stress, is
given by the following biaxial stress
transformation equation (Benham &
Crawford 1987):
C A
Figure 2.16 Inclined crack
The rectangular element of unit thickness containing a
crack subtending an angle of () to the y axis, subjected to
tensile stresses in the x and y directions as shown
(Benham & Crawford 1987)
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where O"emnx is the major principal tensile stress and O"emin is the minor principal tensile
stress.
To incorporate the variation of normal stress with flaw orientation Weibull (1939)
suggested that O"e in equation 2.35 may be replaced by:
(2.38)
The value of a depends on the nature of the minimum principle stress. For a tensile
stress, a = 7r/2 and for a compressive stress:
(2.39)
Beason (1980), developed a biaxial stress correction factor Cb to take flaw orientation
into account:
(2.40)
Where n is the ratio of the minimum to maximum equivalent principal stress
(O"emin / O"eme.~J. Equation 2.35 may therefore be expressed by :
(2.41)
2.3.4.4 Stress distribution effect
The use of equation 2.41 is restricted to a plate that is uniformly stressed. However,
when pressure is applied to a plate, both the magnitude of the principal stresses and
the ratio of the minimum to maximum principal stresses vary across the plate as a
function of the lateral loading and the support conditions. Consequently, each flaw on
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the tension surface experiences a certain resultant stress depending on its location
and orientation. Severe flaws in high stress regions of the plate contribute most to the
probability of failure, but all combinations of flaw severity and tensile stress make
their contributions as well.
Beason and Morgan (1984) argued that in order to determine the probability of failure
of a glass plate, the surface area must be divided into regions which are subjected to
approximately the same value of equivalent stress. The probability of failure for a
complete surface can then be determined by a summation of the simultaneous
survival of all uniformly stressed area elements.
The probability of survival of one element is given by :
(2.42)
The probability of survival of a specimen consisting of a number of surface area
elements is the simultaneous probability of survival of all the elements given by:
(2.43a)
and the probability of failure for the specimen is thus:
PI total= 1- P, total (2.43b)
2.3.5 Failure models
The failure models described in this section seek to arrive at a value for the equivalent
stress, D"e , in terms of the environmental and geometrical parameters described in
section 2.3.4. The probability of failure is subsequently determined by making use of
this value of equivalent stress in equation 2.36 and adopting values for m and k from
experimental studies.
Current trends and literature review 40
All the failure models may be classified into two groups:
(i) Those based on the Charles (1958) failure mechanism that expresses crack
velocity in terms of thermodynamic and geometrical properties of the crack tip.
(ii) Those based on the sub-critical crack growth of the sharp tip model, derived from
fracture mechanics.
2.3.5.1 Load duration model
In 1974 Brown combined the load duration theory described in 2.3.4.1 with Weibull
statistics to produce a better representation of strength data available at the time.
By substituting equation 2.23 into equation 2.36 and applying various corrections for
biaxial plate stress non-linearity, Brown formulated a general equation which gave the
probability of failure in terms of various environmental flaw statistical parameters.
(2.44)
A fit to experimental studies represented by equation 2.44 led Brown (1964) to
estimate the values of the various constants in equation 2.23 so as to give a general
expression for square plates carrying a uniform load. For the conditions of T=295K
(22°C), RH = 50% and B = 700kPa S-I, and for a constant applied pressure q over a
time t and a plate measuring h thick and llong, Brown's formula takes the form :
Pf = 1- exp~ 1.23x 10-28 A [B E16-s x (l/ht - 64RHqSt]O.43]
(2.45)
In this equation B and s are plate parameters which take into account the biaxial state
of stress and plate geometry, A is the plate area in square feet and E is the modulus of
elasticity in pounds per square inch.
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2.3.5.2 Glass failure prediction model
Beason (1980) argued that if the precise geometry of the surface flaws is unknown, the
concepts put forward by Griffith (1920) cannot be used for failure prediction of glass.
Consequently, the failure prediction model (FPM)does not make direct use of fracture
mechanics, but combines some aspects of Brown's (1969, 1974) load duration theory
with Weibull statistics (Weibull, 1939) and the results of numerous physical tests. The
strength of four-edge supported rectangular glass is therefore described in terms of
the interaction between surface tensile stresses and the surface flaw distribution.
The FPM (Beason & Morgan 1984) has been developed at Texas Tech University and is
based on extensive research carried out over a number of years. This model also
forms the basis of US (ASTM-E1300-97) and Canadian (CAN-CGSB-12.20-M89) codes
for determining glass thickness for laterally loaded simply supported glass plates. The
glass strength is determined with reference to the two surface flaw parameters m and
k, which are determined by experiment and vary considerably between new and
weathered glass.
In the glass FPM, the variation of plate surface stresses is determined using an
iterative non-linear finite difference method developed by Vallabhan & Wang (1981)
and Vallabhan (1983). The non-linear stress analysis is shown to be in good
agreement with the stresses and deflections of the experimental data of Tsai & Stewart
(1976) and Abiassi (1981). Beason (1980) reported that for the thin rectangular glass
plates normally associated with window glazing, the most appropriate boundary
conditions are those of simple supports where the edges are free to slip in plane.
In the Glass FPM, the effects of load duration, relative humidity and temperature are
taken into account by consideration of an equivalent stress, O'e, which if applied over
60 seconds, leads to the same probability of failure as the actual stress 0' applied at
some arbitrary function of time for a period tf. From equation 2.19 for the special case
of aft) = 0', at T = To, the equivalent 60 second stress is given by:
(2.46)
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To determine the probability of failure, the surface area of the plate is divided into
regions which have approximately the same value of equivalent stress as calculated by
equation 2.46 and adjusted by a biaxial stress correction factor.
The summation of all contributions over the whole plate surface IS simply an
interaction of equation 2.41 and may be represented by:
(2.47)
Where k and m are surface flaw parameters with k = 1.32 x 10-69m-2 Pa-9 and m =9 for
new glass and k= 7.19 x 10-45m-2 Pa-6, m=6 for weathered glass. The term c (x,y) is the
biaxial stress correction factor and O"e max is the 60-second equivalent major principal
stress obtained from the application of equation 2.46 to the major principle stresses
obtained from non-linear analysis of the glass plate.
Norville, Bove and Sheridan (1991) extended the Glass FPM to tempered glass. This
proposed extension acknowledges the fact that when the thermally induced stresses
on the surfaces of tempered glass have been neutralised, the tempered glass behaves
in the same way as annealed glass. Equation 2.47 may be therefore written as:
(2.48)
Where a; is the magnitude of the thermally induced surface precompression and
ranges between 69Njmm2 to 120Njmm2 (refer to section 2.2.3.1). Norville et. al.
proposed surface strength parameters of m=3 and k=3.19 m-2 Pa-3• However, these
values were based on the failure results of a total of 26 specimens.
Current trends and literature review 43
2.3.5.3 Crack growth models
The crack growth models combine an empirical formulation of sub-critical crack
growth and Weibull statistics using linear elastic fracture mechanics (Evans &
Weiderhorn 1974).
A relationship, which expresses the probability of failure in terms of the flaws and
their propensity for sub-critical crack growth, can be obtained by substituting
equation 2.31 into equation 2.36, hence:
(2.49)
This equation assumes that all flaws undergo sub-critical crack growth no matter how
small the value of KI for the flaw. This is shown as fa) in Figure 2.15a. In the modified
crack growth model (Fischer-Cripps & Collins 1995) it is assumed that no crack
growth occurs below the static fatigue limit (KI < KISCc). For a stress O'a, the threshold
crack length Co is given by:
(2.50)
Flaws of length less that co, do not contribute to time-delayed failure at stress O'a. The
probability of delayed failure at stress O'a is thus given by the probability of the area A
containing a flaw of a size greater than Co, and is therefore equal to the probability of
instantaneous failure at stress O's as shown in figure 2.16. The probability of failure, Pj,
for a uniformly stressed area A can then be determined from equation 2.36.
The effective stress, O'e, is found from equation 2.23, where C may be found from
equations 2.27 and 2.31, but is not smaller than Co given by equation 2.50.
In another variant of the crack growth model, Sedlacek, Blank and Gusgen (1995) do
not distinguish between instantaneous and time-delayed failure. It is therefore
Possible to make use of equation 2.49 with KISCC instead of K1C. The former is obtained
directly from Table 2.4.
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In all crack growth models discussed,
the probability of failure for a non-
uniform stress distribution may be
calculated by grouping together areas
which are subjected to approximately
the same level of stress. This is
effectively the approach taken by
Beason (1980). The probability of
failure Pj for a complete surface areas
can be determined by a calculation of
probability of simultaneous survival of
all uniformly stressed area elements as
discussed in 2.3.4.4.
Table 2.4 Static fatigue limits
The static fatigue limit K[scc represents the plane
strain fracture toughness for sub-critical crack
growth (Sedlacek et. al. 1995)
Environment KlSCC
Liquid water
5.0at :l:'-C
Air with 50% RH
0.5at :l:'-C
Air with 10%RH
0.9at :l:'-C
Inert, dry environment
250.0at :l:'-C
Melting snow
0.8at :l-C
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2.4 THE STRUCTURAL ANALYSISOF GLASS PLATES
2.4.1 Introduction
Adams, Comyn and Wake (1997) argue that any rational basis of design must be
based on the ability to predict loads and hence stresses which are likely to be
encountered in practise. This ability is particularly relevant in the design of structural
glass where the probability of failure of a glass plate subjected to a particular loading
is dependent upon the surface flaw characteristics and the distribution of surface
tensile stresses. A complete characterisation of the surface tensile stresses is
therefore necessary to determine the strength of a glass plate. This section discusses
various analysis techniques, which may be used to predict the distribution of surface
tensile stresses acting on a structural glass plate and attempts to identify the most
suitable method for such an analysis.
Prior to failure, glass plates commonly experience maximum deflections that are well
in excess of their thickness. These large deflections cause the mid-plane to stretch,
thus developing in-plane tensile stress. This stress called diaphragm stress (or direct
or membrane stress) enables the plate to carry part of the load as a diaphragm in
direct tension resulting in an increase in plate stiffness and load resistance. When the
plate edges are not restrained in the
phenomenon is only observed in plates
that deform into a non-developable
surface. In thin plates this
circumferential compression may cause
buckling.
Large
deflection ---i--o,,r
theory
horizontal direction, the in-plane tensile
stresses are replaced by circumferential
compression membrane stresses. This t
o 0.5 1.0
Wmax---t
In these large deflection situations
Kirchoff's hypothesis are violated and
smali-deflection bending theory is no
longer valid. When plate deflections are
Figure 2.17 Large displacements
Non-dimensional load/displacement curves for a
clamped-edge, uniformly loaded, circular plate using
small displacement and large displacement theories.
Where w is the deflection. h is the plate thickness and
D is the plate flexural rigidity (Ugural1981).
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in the order the plate thickness, an extended plate theory based on geometric non-
linearity must be employed to model the plate behaviour. (Timoshenko & Woinowsky-
Kreiger 1959)
To illustrate the difference in load/ deflection behaviour between small and large
deflection theories, wmnxlh and poa4/64Dh are plotted in figure 2.17 for a uniformly
loaded clamped-edge circular plate. For this general case, it may be concluded that
small deflection theory is satisfactory for Wmax S hi2, but larger deflections produce
unacceptable errors. When Wmax = hl2, for example, there is a 15 percent error,
compared to the 61 percent error when Wmax = h.
2.4.2 The Governing Differential Equation
The Von Karman non-linear plate equations introduced in 1910 were developed to
model thin plates experiencing large deflections (Timoshenko & Woinowsky-Kreiger
1959). The large deflection theory of plates assumes that the plate deflections are no
longer small in comparison to the plate thickness, but should nevertheless remain
small with respect to the other dimensions of the plate.
The Von Karman non-linear plate equations as presented by Levy (1942) using
rectangular co-ordinates are:
(2.51)
(2.52)
where w is the lateral plate deflection, (J is the airy stress function, D is the flexural
rigidity of the plate, h is the plate thickness, q is the lateral load acting on the plate
per unit area, and E is the modulus of elasticity of the plate. The flexural rigidity of
the plate, D, is given by:
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(2.53)
Equations 2.51 and 2.52 are known as the governing differential equations for large
deflections of thin plates. Determination of ; and w requires the solution of these
equations that must, of course, satisfy the boundary conditions. Once the stress
function is known, the membrane stresses u'x, Uy and 'i'xy are obtained by using the
equations which defme the airy stress function ;.
(2.54)
By knowing the deflection w, the normal and shear stresses u''x, U'y and 'i''xy may be
determined by applying small displacement theory:
(2.55)
(2.56)
'i" = _ 6(1- U )D ( a2w )
xy h2 OxOy
(2.57)
The total extreme fibre stresses in the plate are found by adding the membrane and
bending stresses as follows:
(2.58)
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2.4.3 Non-linear Plate Solutions for Simply Supported Rectangular Plates
Unfortunately, where realistic problems are concerned, solving the coupled, non-
linear, partial differential Von Karman equations 2.51 and 2.52 may be a formidable
task. In such cases it is common to attempt a solution by the inverse method. The
inverse method is an equilibrium (Newtonian) approach and relies upon assumed
solutions for w, which satisfy the governing equation and the boundary conditions.
Some cases may be treated by using polynomial expressions for w, in x and y and
undetermined coefficients. Usually, choosing the acceptable series form is laborious
and requires a systematic approach. The most powerful such method is the Fourier
series, where, once a solution has been found for sinusoidal loading, any other loading
can be handled by an infinite series.
As an alternative to the equilibrium methods, the analysis of deformation and stress in
an elastic body can be accomplished by employing energy (Lagrangian) methods. This
method is based upon the fact that the governing equation of a deformed elastic body
may be derived by minimising the energy associated with deformation and loading.
Applications of energy methods are effective in situations involving irregular shapes,
non-uniform loads, variable cross sections, and anisotropic materials.
The Equilibrium and Energy approaches have generated a number of exact and
approximate plate solutions for various boundary conditions the most notable of
which are discussed hereunder.
Timoshenko & Woinowsky-Kreiger (1959) presented an approximate solution to
equations 2.51 and 2.52, for the case of a simply supported plate with in-plane edge
translational restraints. Timoshenko et al. assumed that the bending and membrane
actions of the plate could be decoupled. This was achieved by combining independent
solutions for plates experiencing only membrane action and for plates experiencing
only bending. Levy (1942) presented two exact solutions for simply supported
rectangular plates subjected to uniform lateral loads. In the first solution, in-plane
edge displacements were prevented by applying an appropriate in-plane force normal
to the plate boundary. These boundary conditions are equivalent to those assumed by
Timoshenko et al. (1959) in the previously discussed approximate solution.
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In the second solution, Levy (1942) set the in-plane force normal to the plate boundary
to zero allowing some in-plane displacement of the plate edges. However, the edges of
the plate in the second solution were constrained to remain straight. In-plane edge
displacements of a rectangular plate subject to the second set of constraints are
shown in figure 2.18a. This pattern of in-plane edge displacements can occur only if
the plate edges are rigidly stiffened (Timoshenko et al. 1959). The first set of Levy
boundary conditions represents the most rigid condition for a simply supported plate
while the second set of Levy boundary conditions represents a less rigid situation.
To achieve a situation where the edges
of the plate are totally free to slip in-
plane, the in-plane forces both normal
and tangent to the plate boundary must
be zero. Kaiser (1936) presented a
finite difference solution to the Von
Karman equation for this situation.
Kaiser assumed that both the normal
and shear membrane stresses along the
plate boundary were zero assuring that
no in-plane boundary reactions could
be transmitted to the plate. In this
situation in-plane edge displacements
along the plate boundary are not
constant as they were in the second
Levy solution (Kaiser 1936, Timoshenko
et al. 1959).
In-plane deflections along a plate edge
vary from a minimum at the plate
corners to a maximum at the midpoint
between two plate corners as shown in
Figure 2.18b. This combination of
boundary conditions represents the
most flexible condition for a simply
supported plate.
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Figure 2.18 In-plane displacements
Idealised in-plane edge displacements where plate
edges are (a) free to slip in-plane and constrained to
remain straight and (b) totally free to slip. (Beason
1980).
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Beason (1980) compared the lateral deflections calculated by adopting the analytical
solutions of Timoshenko et al. (1959), Levy (1942) and Kaiser (1936) to the actual
lateral deflection data provided by Bowles and Sugarman (1962). The results show
that the Kaiser (1936) load deflection curve is very similar to the experimental data,
thus suggesting that an edge supported glass plate is best modelled by assuming that
the plate edges are simply supported and free to slip in-plane. Beason (1980) also
proposed an iterative procedure to achieve a simultaneous solution to the Von Karman
non-linear plate equations. The non-linear plate solution employs an iterative
technique whereby equations 2.51 and 2.52 are solved by alternately assuming the
lateral deflection to be constant in equation 2.51 and the membrane stress function to
be constant in equation 2.52. Individual solutions for the two non-linear plate
equations are accomplished by adopting a numerical integration. This technique is
outlined by Beason (1980). The resulting non-linear plate solution showed excellent
agreement with the analytical formulations of Kaiser (1936) and Al-Tayyib (1980) and
good agreement with the laboratory tests of Bowles and Sugarman (1962), Hershey
and Higgins (1973) and Tsai & Stewart (1976).
An interesting approximate strength analysis of a simply supported rectangular glass
plate is presented by Lind (1986). The flexural stresses are calculated using a large
displacement harmonic decomposition, truncated after the first term, whereas the
membrane stresses at the centre are calculated from second order theory and deep
beam analysis. This theory is conceptually simple and is easily programmed, however
it is unattractive for manual computation.
Young (1989) provides a summary of solutions for circular, elliptical, rectangular and
parallelogram plates experiencing large deflections. The relationships between load,
deflection and stress are expressed by numerical values of dimensionless coefficients
wit, qb41Et4 and (itrlEf for a range of aspect ratios and edge-support conditions with
a Poisson's ratio of 0.316.
Another approach to overcoming the difficulty involved in the solution of the governing
differential equations is to use finite differences. In this case equations 2.51 and 2.52
are replaced by finite difference expressions which relate displacement w (and moment
M) at nodes that are separated from one another by finite distances. The solution of
the bending problem thus reduces to the simultaneous solution of a set of algebraic
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equations, written for every nodal point within the plate.
The Vallabhan & Wang (1981) finite difference plate solution is an iterative solution of
the Von Karman non-linear plate equations for simply supported rectangular glass
plates. The solution incorporates an efficient iterative technique using a non-linear
interpolation factor which makes the solution possible in a relatively little time using a
computer. Comparisons of theoretical and experimental glass plate responses made
by Vallabhan (1983), together with independent comparisons carried out by Beason &
Morgan (1984) suggest that reasonable results are provided with the Vallabhan &
Wang finite difference procedure. This stress analysis approach has been adopted by
the US Code ASTME 1300-97 (1997) and the Canadian Standard CAN/CGSB-12.20-
M89 (1989). This approach has also been extended to elastically supported plates
(Vallabhan et. al. 1985) and insulated glass units (Vallabhan & Chou 1986).
Tsai & Stewart (1976) demonstrated the successful application of the finite element
method for geometrically non linear analysis of simply supported glass plates through
experimental verification. Furthermore Tsai & Stewart (1976) tested and analysed a
10mm thick plate which was supported by two clips on each side to demonstrate the
applicability of the finite element method to non-conventional supports. KwokWai So
& Lai Chan (1996a & 1996b) adopted the finite element method to analyse simply
supported glass facade plates and glass fins involving geometrical change and
snapping instability, but failed to compare their analytical results to physical tests.
2.4.4 Non-linear Analysis of Bolted Glass Plates
All the solutions discussed so far have been developed for two and four edge supported
plates. The main reason for scarcity of papers on the non-linear behaviour of bolted
glass is that the support configuration of bolted glass assemblies precludes a
fundamental theory solution. The finite difference method is also considered
unsuitable to predict the behaviour of bolted glass plates due to the unconventional
nature of the supports.
In addition to the effect of the unconventional point supports on the overall stress
distribution, the situation is further complicated by the need to predict the stress
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concentrations around the bolt holes, on which there appears to be very little
published research. There are however a considerable number of papers dedicated to
stress distributions in pin loaded lugs in steel or aluminium alloy connections, which
were prompted by the extensive use of these connections in the aerospace industry.
The elastic stress distribution in a pin-loaded lug depends on the:
(i) form of loading
(ii) lug end details
(iii) relative size and position of the pin
(iv) pin fit
(v) frictional effects at the pin-lug interface
The stresses may also be affected by other external features such as other pins or
discontinuities in the vicinity of the connection in question.
f
"_-H---t
Figure 2.19 Arrangement and notation of lug joints
Lugs with pins (a) square ended lug; (h) round-ended lug; (c) section through lug assembly centre line.
(Pilkey 1997).
In the majority of publications on this topic it is assumed that the load P acts parallel
to the axis of the lug and is applied uniformly across the thickness of the lug at
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location C (Figure 2.19). It is also assumed that the length of the lug is such that the
details at the fixed end of the lug do not affect the stresses around the lug hole. The
free end of the lug is generally considered as square-edged, however Abbey (1978) and
Pilkey (1997) suggest that round-ended lugs cause higher stress concentrations.
Frocht and Hill (1940) have described the results of a photoelastic study into the
effects of geometric changes. They show that the maximum stress decreases as cid
increases up to a certain value, beyond which further increases have little effect.
Heywood (1952) gives an optimum value of Hid of approximately 2.5, but for large
clearance pins McConnell (1990) gives 1.67 as the optimum Hid ratio. This is
confrrmed by the graphs plotted by Pilkey (1997) which show a plateaux in the 0.4 to
0.6 dlHrange.
McConnell (1990) also draws attention
to the possibly significant effects of pin
bending. This will lead to non-uniform
loading through the thickness of the lug
and will depend on the lug thickness.
Stanley and Davies (1991) mention
such effects. Research carried out by
Abbey (1978) show that stress
concentrations decrease with
decreasing hid, but any hid reduction
below 0.5 has a negligible effect (Figure
2.20).
For perfectly fitting pins, the maximum
tensile stress should occur at the
points labelled as A in figure 2.19. If
there is a clearance between the pin
and the hole, the maximum stress
increases in value and occurs at points
B, for which 9° < e < 35°. (Grandt 1975,
Pilkey 1997).
Figure 2.20 Stress concentration ratio
due to pin bending.
Stress concentration ratio K'te/ Kte shown for
square or round ended lugs with 0.3 s d/H s 0.6
and 1.0 s Ep;n/ Elug s 3.0. Where K'te is the actual
stress concentration factor incorporating pin
bending effects and Kte is the stress
concentration factor without pin bending effects
(pilkey 1997).
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A number of papers have been published on the effect of pin fit. The pin-to-hole
clearance, e, is normally described as a percentage of hole diameter d. Thus e = 8/ d.
The quantity Kte is the stress concentration factor at e percent clearance. This factor
appears to increase with increasing clearance and a case is cited in which a 50 per
cent increase in the stress concentration factor is brought about by changing from a
snug fit to a diametrical clearance of 0.381mm on a 203.2mm diameter hole (pilkey
1997). Frocht & Hill (1940) and McConnell (1990) confirm this general trend. The
effects of pin fit on the position of the maximum stress at the lug hole is described in
Frocht & Hill (1940) and Grandt (1975). Frocht and Hill (1940) comment on how, in
every case involving snug-fit pins, the maximum stress occurs at the ends of the
horizontal diameter. This result is echoed by McConnell (1990). However, Grandt
(1975) found that for all pin clearances from 2.0 to 0.4 per cent (based on pin
diameter), with a 6.35mm diameter pin, the maximum hoop stress occurred at e = 9°.
Frocht & Hill (1940) produced similar results. The initial compressive stresses
induced in the lug by an interference-fit pin are also shown to have a beneficial effect
on fatigue life.
A method for determining the stress concentration factors Kte for various lug joints
was put forward by Pilkey (1997). This useful method is based on the findings of
Frocht & Hill (1940), Cox & Brown (1964), and Abbey (1978). Pilkey (1997)
distinguishes between hid < 0.5 and hid> 0.5 and presents charts of Kte vs dlh for
various clH ratios and a simple formula to take clearance e into account.
Heywood (1952) studied the effects of friction at the pin-lug interface on the lug
stresses. A photoelastic model fitted with an interference-fit dualumin pin was tested.
Lubrication of the pin with colloidal graphite grease reduced the stress concentration
factor by approximately 4 per cent. Wearing, Arnell, and Patterson (1985) reported
good agreement between the results of finite element and photoelastic pin-lug studies
when negligible friction effects were assumed at the pin-lug interface.
This complex local stress distribution around the bolt holes is further complicated by
the lateral non-linear load/displacement behaviour of the plate, discussed in section
2.4.3, which in tum is dependant on the lateral and rotational restraints provided by
the bolts. The effect of the bolt support conditions on the build-up of overall non-linear
stresses within the plate indicates that it is unlikely that a closed form solution for
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bolted glass plates may be derived. In such cases it is advantageous to employ the
finite element (FE)method of analysis, which is an approximate approach well suited
for solving stress concentrations within continua. Most glass designers perform FE
analyses and/or adopt Peterson's Stress Concentration Factors (Pilkey 1997) of the
individual bolted plates with the maximum stress as their design criterion (Ramm &
Burmiester 1997, Wilson 1999a, Smith 1999). However, both the glass designers and
the large glass manufacturers are reluctant to publish much of this commercially
sensitive research (Colvin 1997, Wilson 1999b).
2.4.5 Structural analysis of adhesive joints
A possible alternative to mechanical fastening is chemical fastening by means of a
structural adhesive. However, the science of adhesion is still in its infancy and the
mechanics of adhesive bonds is not fully understood (Pye 1998, IstructE 1999, Adams
et. al 1997). Despite this, engineers have been using adhesives in the aerospace and
automotive industries for many years and have developed the experience that has
allowed them to bond wings onto aeroplanes.
It has been estimated that more than 75% of the use of structural adhesives in the
construction industry is in repairs (Institution of Structural Engineers 1999). These
applications are generally in the concrete and timber industries and are well
established, but with the appropriate technology transfer it may be possible to expand
the use of structural adhesives to a steel-glass adhesive assembly.
There are six theories of adhesion, all of which appear to be valid in some
circumstances. These are beyond the scope of this thesis and have been thoroughly
reviewed by Adams, Comyn & Wake (1997). Figure 2.21a shows a simple five layer
model of an adhesive joint. The components being joined together are referred to as
the adherends and the bonded surfaces are termed substrates. The adhesive, or glue,
has three distinct layers. The cohesive layer is the largest part of the joint and
comprises the bulk adhesive. The adhesion interface is of atomic thickness and it is
here that the bond between adhesive and substrate is made.
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When an adhesive joint fails it is usual to describe the failure as either within the
adhesive or at the adhesive / adherend interface generally referred to as cohesive or
adhesive failures respectively. However, it is held in some quarters that adhesive
failures are simply cohesive failures which have occurred very close to the surface of
the substrate leaving only a thin film of adhesive behind, Pye (1999).
Failure at the adhesion interface will occur if the substrate has not been properly
prepared. Preparation may involve cleaning, priming and the use of a coupling agent.
Cleaning is important to remove dirt, oil or protective coatings that might otherwise
prevent the formation of a good bond between the substrate and the adhesive.
However, some adhesives will not bond to some materials because of the incompatible
polarities of the two materials. In such cases the substrates must be primed. The
primer will modify the surface of the substrate, making it compatible with the
adhesive. A coupling agent is different to a primer in that it exists as a definite atomic
layer between the substrate and the adhesive. Coupling agents not only enable the
formation of a good bond, but may give other benefits such as enhanced durability,
Pye & Ledbetter (1998). Where coupling agents are used we can consider a seven
layer model for the adhesive joint, Figure 2.21b.
(i)
(ii)
(~~~-
(iii) ~ • •
(iii)
(iv)
.• • •(iv)
(v)
(v)
(vi)
(vii)
(a) (b)
Figure 2.21 Layer models of adhesive joints
2.21(a) Five layer model with (i)Adherend 1; (ii)Adhesion interface; (iii)Adhesive cohesion; (iv)Adhesion
interface 2; (v) Adherend 2 & 2.21(b) Seven layer model consisting of: (i) Adherend 1; (ii) Adhesion
interface; (iii) Coupling agent 1; (iv)Adhesive cohesion; (v)Coupling Agent 2; (vi) Adhesion interface 2; (vii)
Adherend 2.
Adhesive joints may be used in a variety of configurations and are required to resist a
combination of stresses shown in Figure 2.22. Even apparently simple joints may
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prove to be analytically complex and given that a suitable mathematical model is
found, there are still practical problems to contend with. To start with, the joint does
not consist of simple, separate, elastic materials with a clear, mathematical geometry.
The surface of the adherend is rough and usually has an oxide or similar layer. The
thickness and elastic modulus of this layer are often indeterminable. In addition, the
thickness and elastic modulus of the primer that is sometimes applied to the surface
of the adherend also varies. Finally there is the issue of the bulk adhesive layer
properties. It has been reported that
the film and bulk mechanical properties
are similar only where the same cure
conditions have been applied (Adams&
Coppendale 1997). Therefore the
properties specified in the technical
data sheets are valid only for the cure
conditions adopted by the
manufacturer.
The single lap joint in which two sheets
are joined together with an overlay is
one of the most used and studied joint
encountered in practice. It is discussed
here because it reflects the development
of the structural analysis of adhesive
joints over the past 60 years.
1
(b)
t
t (a)
I (d)(c)
Figure 2.22 Stresses in adhesives
Adhesive joints are generally required to resist a
combination of (a) compression, (b) shear, (c)
peeling and (d) tensile stresses.
The simplest analysis of the single-lap joint considers the adherends to be rigid and
the adhesive to deform in shear uniformly along its length (Figure 2.23a). The first
realistic model was proposed by Volkersen (1938) who presented an algebraic
approach based only on the shear deformation of the adhesive and takes into account
the differential straining of the adherents along the bond line (Figure 2.23b).
Volkersen's equation predicts that the maximum strength of the adhesive joint is
proportional to the square root of the adhesive thickness. This result is contradicted
by experimental evidence, which -shows that a thicker adhesive filmproduces a lower
strength (Adams,Grant & Pavier 1992; Adams & Grant 1993).
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Demarkles (1955)refined this model by
including the effect of shearing of the
adherends. Ooland & Reissner (1944)
took into account the bending of the
adherends and the resulting peel
stresses by using a moment factor K,
which relates the bending moment on
the adherend at the end of the overlap,
Mo, to the in-plane loading by the
relationship:
u,=KPt/2 (2.59)
Where P is the applied load and t is the
adherend thickness.
If the load on the joint is very small, no
rotation of the overlap takes place, and
the line of action of the load is shown
in Figure 2.24a, passing close to the
edge of the adherends at the ends of
the overlap. In this case, therefore, Mo
= Pt/2 and K = 1. As the load is
increased, the overlap rotates bringing
the line of action of the load closer to
the centre-line of the adherends, as
shown in Figure 2.24b and thus
reducing the value of the bending
momentandthevalueofK.
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Figure 2.23 Deformationsin single lap
adhesivejoints
(a) Simple model with rigid adherends and (b)
Volkersen's model with flexible adherends
(Adams et. al. 1997).
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_.3--p
(a)
Figure 2.24 Rotation of adherends
Geometrical representation of the Goland &
Reissner bending moment factor K. to account
for peel stresses at; (a) low loads / stiff
adherends, (b) higher loads / flexible adherends
(Adams et aI1997).
The assumed rotation gives rise to a geometrically non-linear problem, since joint
displacements are no longer proportional to the applied load. This led Goland &
Reissner to propose a stress concentration factor, which was twice that proposed by
Volkersen.
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The classic work of Volkersen, Demarkles, Goland & Reissner and other earlier
researchers was limited because the peel and shear stresses were assumed constant
,
across the adhesive thickness and the shear was a maximum, rather than zero, at the
overlap end. More recently, other authors, notably Renton & Vinson (1965) and
Allman (1977) have produced analyses where the adherends have been modelled to
account for bending, shear and normal stresses.
The closed-form algebraic lap joint
analyses, which have been discussed so
far, have all assumed that the adhesive
layer ends in a square edge as shown in
Figure 2.25a. This results in high
tensile and compressive stress
concentrations at the horizontal edge of
the adhesive free surface, the
magnitude of which is about four times
the applied shear stress. However, in
practise structural adhesive joints do
not have a square edge but are formed
with a fillet of adhesive, which is
squeezed out under pressure while the
joint is manufactured (Figure. 2.25b).
Therefore, the closed-form theories are
least representative of reality in the
regions of the spew fillet from which
failure normally originates (Adams et.
al. 1997).
Figure 2.25 Adhesive terminations
Single lap joints (a) simplified model normally
used for analysis purposes and (b) spew fillet
model generally encountered in practice. The
spew fillet may either be deliberate or as a result
of oozing of the adhesive.
Most researchers acknowledged that a closed-form analytical solution is unlikely to be
found and endeavoured to solve the problem by adopting approximate numerical
techniques. In this regard,Wodley & Carver (1971) were among the first to apply
Finite Element (FE) techniques to a single lap joint, but still modelled the adhesive as
having a square end. Adams & Peppiatt (1974) investigated the effect of different sizes
of spew fillets using FE techniques and concluded that the provision of a full depth
fillet reduces the maximum stress by up to 30%.
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Modem adhesives, particularly those such as the rubber-modified epoxies have a large
plastic strain to failure. Hart-Smith (1981) was the first to consider these effects of
material non-linearity. His continuum mechanics approach is a development of the
shear-lag analysis of Volkersen (1938) and the work of Goland & Reissner (1944) and
neglects the peel stresses acting across the glue-line.
By using the non-linear finite element approach, Harris & Adams (1984) were able to
predict the strength and mode of failure of standard sing-lap joints for several
adhesives with a range of mechanical properties. They considered stress and strain
failure criteria and observed that the strain failure criterion was more appropriate for
toughened adhesives that exhibited substantial plasticity before failure and that the
stress failure criterion was more appropriate for untoughened brittle adhesives.
Adams & Harris (1987) investigated the effects of small-scale geometry and concluded
that unrealistic modelling of the adherend comers could increase stresses by up to
25%. Hart-Smith (1973) studied the effect of tapered adherends and step joints. Was
(1976) and Webber (1991) analysed the effect of scarf joints and Thaum (1976)
investigated the effect of scarf and bevel joints.
From the scientific papers reviewed, it is evident that the FE method is the most
popular and generally suitable technique for determining the stress distribution of an
arbitrary adhesive joint. It must however be emphasised that although this method
avoids the over simplifications of closed-form theories, it is not always possible to
predict failure. (Pye 1999, Holloway 2001).
2.4.6 The finite element method
The finite element method of analysis is an extension of the stiffness method and is
currently one of the most popular analysis techniques. The finite element method
relies heavily on matrix manipulation and is formulated in general terms so that a
variety of different problems can be solved. Solutions of geometrically non-linear
problems characteristically involve a number of load increments and iterations that
require large amounts of computation time. However, the advances in digital
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computer capacity combined with the wide availabilityof FE software availablemakes
it possible for such analysis to be carried out economicallyon personal computers.
This approximate approach permits the prediction of stress and deflection in a plate
with a degree ofease and precision never beforepossible. In the finite element method
the plate is discretized into a finite number of elements (usually triangular or
rectangular in shape), connected at their nodes and along hypothetical inter-element
boundaries. Hence equilibrium and compatibilitymust be satisfied at each node and
along the boundaries between elements. The most commonly used finite element
method is the finite displacement approach where the governing set of algebraic
equations is expressed in terms of unknown nodal displacements.
The exact formulation of the finite element method is beyond the scope of this thesis
and may be found in the voluminous literature on the subject notably: Zienkiewicz&
Taylor 1997, Zienkiewicz& Taylor 1998, Dawe 1984,Astley 1992 and Cook 1995. The
general procedure for solvinga plate (or shell) bending problem by the finite element
method may howeverbe summarised as follows:
(i) The continuum is discretized by dividingit into a number of finite elements and
a system of forces concentrated at the element nodes is prescribed together with
a set ofboundary conditions.
(ii) The stiffness matrix [k] of each element is generated in terms of the given
element properties and these element matrices [k] are assembled to generate
the structure of global stiffness matrix [K].
(iii) The global load vector {P}is generated in terms of the applied nodal loads {pl.
(iv) The global equations [K]{D} = {P} are solved for the vector of unknown
displacements {D}by satisfying the boundary conditions.
(v) The element moment and stress are determined by combining the
displacements {D}and the plate flexural rigidity.
As discussed in section 2.4.1 the analysis of glass plates generally involves large
deflections and the finite element formulation must include the effect of midplane
strains and corresponding midplane stresses (Ugural 1981; Zienkiewicz & Taylor
1998). The additional stiffness generated by the diaphragm action constitutes a
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geometrically non-linear situation. In such cases, numerical methods are unable to
solve the [K]{D} = {P} relationships, because the stiffness [K] is a function of the
displacement {D}. Instead a non-linear problem is solved by taking a sequence of
linear steps (increments) and sub-steps (iterations).
The Newton-Raphson method is one of p
the most popular iteration methods. In P2 ........------
the first step for a softening structure
shown in Figure 2.26a, the initial
stiffness k,o is used to solve the Pll----~~f--r-------+-+
relationship kroUa = PI for Ua thus
equilibrium iteration shown in Figure
2.26a the stiffness of the deformed
structure, known as the tangent
stiffness leta, is used to solve the
equation leta ~U = epA, for ~u, which is
then added to the initial displacement
UA, thus arriving at point A'. At point A'
the new, albeit smaller force imbalance,
specifically the small vertical distance
between points A' and a', is
encountered and a new tangent
stiffness corresponding to displacement at A' may be computed. This new tangent
arriving at point A. The force
imbalance or residual epA that exists
between the applied force PI and the
summation of internal forces within the
structure is used to drive the
displacement toward the correct
displacement value UI by performing
equilibrium iterations. In the first
"A "1
(8)
P
"2
(b)
Figure 2.26 Incremental solutions for
a softening structure
Incremental iterations after each load step using
(a) Newton-Raphson iterations; (b) Modified
Newton-Raphson iterations (Cook 1995).
stiffness from point a' now places us very close to the correct point 1. The scope of
each equilibrium iteration is therefore to reduce the force imbalance. When it is
considered small enough by the some specified convergence criterion a solution for
that load step has been found and the force may be increased to the next load step P2.
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Several points on the plot ofP versus u are established. These points are connected to
approximate the actual load-displacement curve.
The foregoingmethod may be expensive in a multi-degree-of-freedomproblem because
the tangent stiffness matrix [Kt], must be constructed and reduced for equation-
solving in every iteration. An alternative, known as the modified Newton-Raphson
iteration, is illustrated in Figure 2,26b. Here iterations at each load level are all
performed using the stiffness that prevails at the outset of the load step. Thus the
tangent stiffness matrix [Kt] needs to be constructed and reduced only once for all
iterations at a given load level. However, as seen in Figure 2.26b, the number of
equilibrium iterations needed is considerably greater.
The same procedures may also be applied to a stiffening structure (Figure 2.27), but
the convergence behaviours are different. The initial step from a tangent at 0 now
yields a large displacement UA. Newton-Raphsonequilibrium iterations yield negative
correction increments ~U and converge to point 1. The initial step of the modified
Newton-Raphson iterations, from point a in Figure 2.27b, either overcorrects so that
subsequent convergenceis slow,or misses the curve entirely so that convergencefails.
Such troubles may be overcomeor avoided by changing strategy (to Newton-Raphson
iterations perhaps), reducing the magnitude of correction when hardening is detected,
or dividingload increments ~1, ~P2 and so on into sub load steps.
p p
epA.
(negative)
epA.
(negative)
(8) (b)
Figure 2.27 Incremental solutions for a stiffening structure
Incremental iterations after each load step using (a) Newton-Raphson iterations; (h) Modified Newton-
Raphson iterations (Cook1995).
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Notwithstanding the lack of published research on the application of the FE method to
glass structures, the versatility of this method of analysis makes it ideal to determine
the complex overall and local surface stresses present on the surface of glass plates.
This method will therefore be adopted in the ensuing parts of the thesis as the main
analytical method.
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2.5 GLASSASSEMBLIES ANDDESIGN RECOMMENDATIONS
2.5.1 Introduction
The majority of contemporary patent glazing used up to the 1970's employed a metal
framework of mullions, which was visible both internally and externally.
The term structural glazing was first
adopted in the United States in the
early 1970's. The main development of
this system was the removal of the
external cover bead and the use of
elastomeric silicone sealants to bond
the glass to the metal sub-frame. The
glass panels in this system are doing
little more than those in the traditional
mullion glazing system. The term
structural, therefore refers to the ability
of the silicone to transmit wind and
dead loads from the two opposite sides
or the four edges of the glass to the
metal sub frame (Figure 2.28). This
system may be more appropriately
called structural silicone glazing and is
beyond the scope of this thesis.
Another more recent form of structural
glazing is achieved by detaching the
metal support structure from the line of
the glass or by replacing it with a glass
support structure. Bolted fixings and
steel support attachments are commonly located toward the comers of glazing panels
and sometimes additionally at intermediate points along the edges. In addition to
Figure 2.28 Structural silicone glazing
(a) two-sided and (b) four sided structural
silicone glazing (McEvoy 1994)
transmitting the lateral wind loads to the support structure, the glass is taking on a
Current trends and literature review 66
more structural role by carrying its own weight and that of other panels beneath or
above it, depending on whether the assembly is suspended or ground-based.
Furthermore, recent research has suggested that it may be possible to replace bolted
fixings with adhesive connections, thus promoting glass to a fully structural role.
The codes of practice and design recommendations for the above mentioned uses of
glass range from established for mullion glazing to non-existent for point supported
fixing.
2.5.2 Mechanical Fixing
The four main types of bolted fixing available are described briefly. These fixings can
be used in conjunction with a range of glass types and glazing support attachments.
2.5.2.1 Stud Assembly
The stud assembly detail (Figure 2.29)
provides high levels of in-plane load
transfer capacity through a disk
connected to a backplate. This disk
may be fitted with a liner.
Countersunk bolts are used to attach
the glass to the backplate. These bolts
carry out-of-plane loads but no in-plane
loads. The disk and boltheads are
flush with the plane of the glazing
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Fixing cleat for
attachment to
support structure
Figure 2.29 Stud assembly
(Ryan et al. 1997)
2.5.2.2 Patch Plate Fixing
Patch plates consist of small metal square sheets that are bolted to either side of a
glass panel on fibre gaskets. The patches are normally placed towards the corner of
the glass plates and are generally supported from glass fins,
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The bolts are not in bearing with the glass, but are tightened to a specific torque to
achieve a friction connection, which may be enhanced by the application of a suitable
adhesive (Figure 2.30a).
The relatively large contact area and wider load spread provide high load carrying
capacity for both in-plane and lateral loads. The most notable use of patch plate
fittings is the Willis, Faber & Dumas Building by Norman Foster in 1975 (Figure
2.30b). The aesthetic requirements for a smoother surface have seen the decline of this
system in building facades. However, it is still popular for glass door fittings including
pivot fittings and locks.
Figure 2.30a Patch plate assembly
(Ryan et al. 1997)
Figure 2.30b Willis, Faber & Dumas
Building
Completed in 1975 by Foster Associates & Ove
Arup Partnership (Bramante 1993)
2.5.2.3 Standard Bolt and Standard Countersunk Bolt
Standard bolts (Figure 2.31) and standard countersunk bolts (Figure 2.32) transfer
loads in bearing with a fibre liner placed between the bolt shank and the glass to avoid
hard spots. The main difference between the two is that in the standard bolt, the head
is proud of the plane of the glass, whereas the countersunk bolt allows for the bolt
head to be flush with the glazing. The bolts are generally connected to 80 x 80mm
steel angles commonly referred to as spring plates. There is little provision for rotation
of the glass relative to the fixing for applied lateral loads, but the stiffness of the spring
plates may be specified to match the stiffness of the glass thus allowing the whole
assembly to flex under wind load.
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2.5.2.4 Enhanced Countersunk Fixing and Articulated Bolts
Both the enhanced countersunk fixingshown in figure 2.33 and the articulated bolts
in figure 2.34 are generally threaded through cast stainless steel spider brackets and
can accommodate much larger rotations in comparison to the above mentioned
standard bolt and standard countersunk bolts.
Theyboth make use of a threaded support or racking washer against the inner face of
the glazing panel to enable the bolt to be installed conveniently to predetermined
torque. Furthermore, nylon or aluminium liners are placed around the perimeter of
the bolt hole to avoiddirect contact between the glass and the steel bolt.
Figure 2.31 Standard bolt connection
(Ryan et al. 1997)
Figure 2.33 Enhanced fitting
(Ryan et al. 1997)
Figure 2.32 Countersunk bolt
(Ryan et al. 1997)
Spherical bearing
Figure 2.34 Articulated bolt fitting
Rice & Dutton (1995)
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The enhanced countersunk fixing
accommodates rotation by using
neoprene washers at the connection
between the bolt and the spider support
attachment. Although some rotation is
allowed, a lever arm may be set up
between the centre of rotation and the
centre of the glass. Thus giving rise to
secondary bending effects in the glass.
The articulated bolt eliminates this
eccentricity by ensuring that the
rotation occurs along the centre-line of
the glass. This is achieved by means of
a spherical surface, which is seated in a
bearing cup and set into the glass
panel.
The articulated bolt was developed by
Peter Rice for the Serres at La Vilhette
constructed in 1986. (Figure 2.35).
Figure 2.35 Serres at LaVilhette
Facade at the National Museum of Science,
Technology and Industry at La Vilhette, Paris
completed in 1986 by Rice, Francis and Ritchie
(Rice & Dutton 1995).
2.5.2.5 Other Developments
Several other bolted fixings have been used. These are generally refinements and
developments of one or more of the above mentioned systems. Two of the most
notable examples are the 1996 Exhibition and Conference Centre Hall in Liepzig,
Germany by Von Gerkan, Marg & Partners and Ian Rithcie architects (Figure 2.36),
and the Yurakucho subway canopy in Tokyo by Rafael Vinloy and Dewhurst
MacFarlane and Partners also completed in 1996 (Figure 2.37).
The load bearing capacity of some of these connections has been investigated by
performing a limited number of physical tests, the results of these tests have not been
published (Colvin 1997; Wilson 1999b).
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Figure 2.36 LeipzigConference Hall
Glass canopy with specially developed pin and saddle
connections (Vandenberg 1997).
Figure 2.37 Yurakucho canopy
Glass barrel vault with adjustable 'frog-finger'
connections (Vandenberg 1997).
Apreliminary investigation into the behaviour of bolted connections was carried out at
the University of Malta under the author's supervision (Baldacchino 1999). The main
aim of this research was to investigate the assembling process and the tensile strength
of standard and enhanced bolted connections in glass. For cost reasons and in order
to test as many samples as possible, 10mm thick laminated-annealed glass was used
throughout.
The cutting of the glass was carried out to minimise splintered edges and the drilling
of the 16mm diameter holes was carried out by a hollow drill from both sides of the
glass. The thread of the 12mm
diameter steel studs that bears
directly on the glass was machined
off to provide a smooth bearing
surface and a copper liner wrapped
around the glass to achieve a tight
fit. An alternative connection to
produce an even better fit was
devised. This involved placing two
washers on either face of the glass
and vacuum injected the connection
with epoxy adhesive (Figure 2.38).
Machined
threads
19mm thick
fibrel particleboard __
Figure 2.38 Enhanced connection
Assembly of adhesive injected bolted connection to
minimise air bubbles (Baldacchino 1999).
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The epoxy-injected connection was in the order of twice as strong as the simple bolted
connection. The reason for this substantial increase in strength was attributed to a
combination of a closer fit of the bolt and adhesion between the bolt and the glass.
A series of edge distances ranging from 24mm to 80mm (1.5 x bolt diamter to 5 x bolt
diameter) for straight and tapered edges were carried out for the vacuum injected
connection.
Furthermore all failures initiated from the edge of the hole close to the region of the
anticipated maximum tensile stress.
2.5.3 Chemical Fixing
The use of adhesives to connect glass together and to other elements in a building is
generally limited to structural bonding tapes and structural silicone glazing described
in section 2.5.1. This technology is well established, but is only applicable to the low
stress situations associated with traditional curtain wall glazing.
In recent years there has been a tendency to subject adhesives to higher stresses and
to use adhesive bonding in more safety-critical applications. Glass is no exception to
this trend, but the main research efforts have been directed towards the automobile
and aerospace industries. Of particular interest is the structural bonding of
windscreens using polyurethane to increase the torsion stiffness of the car
(Hirthammer 1997).
The recent PhD thesis entitled The Construction and Testing of Glass-Adhesive T-
Beams' (Pye 1998) constitutes the major glass/adhesive research development in the
construction industry. The primary aim of this research was to construct a glass T-
beam from flat glass plates using a structural epoxy adhesive and to investigate the
behaviour of the T-beam under load. (Figure 2.39). Moreover, the two-part modified
epoxy used was subjected to stresses of a much larger magnitude and duration than
the polyurethane adopted in the automobile industry.
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Each T-beam was constructed from two tempered flat glass plates joined together with
3M Scotch weld 2216 BfA. This two part modified epoxy adhesive joint sustains the
shear at the web-flange interface and was preferred to 3M Scotch Weld EPX DP 190
(another two part modified epoxy)
and 3M structural bonding tape
9245. The structural performance
of these T-beams approached that
of equivalent monolithic beam
sections, but lower strength under
cyclic loading was reported. A
differential equation based on
linear bending theory was derived
to describe the behaviour of the
glass-adhesive T-beam. From the
physical tests carried out, it was
also concluded that the strength of
the T-beams was limited by the
strength of the tempered glass.
Despite this and in order to
simplify the analytical work, an
ultimate stress approach based
solely on the magnitude of surface
pre-compression of the tempered
glass was adopted.
Other known research on the use
of structural adhesive joints in
glass and metal includes that
carried out at the University of
Malta under the supervision of the
author (Cachia 1999). The main
aim of this study was to assess the
viability of steel-glass adhesive
joints and to identify the best way
to construct such joints.
-- --- ------ ----------If------------------- - -- ------f- --
Flange --- _ w :.=It i z,
-----------------f- -)(-- Centrofdaraxis-or--~-
Adhesive' monolithic section i
________________ , ~~6
Web
Figure 2.39 Glass-adhesive T-beam
Glass-adhesive T-beam consisting of two tempered glass
plates glued together with lmm thick two-part modified
epoxy adhesive (Pye 1998).
iIIIIIl"--- Structural adhesive
80x80x6mm steel plate
80x80x6mm steel plate
~.L-:.~f-1-- M12 Grade 8_8 bolts
M12 Grade 8.8 nuts
Welded to plate
30· Attachment plate
Figure 2.40 Glass to metal specimen
Combined shear and tension test (300 rotation) on acrylic
adhesive (Cachia 1999).
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Two adhesives Holdtite Exact 15 minute epoxy, a fast curing two-part modified epoxy,
and Holdtite Acroflex ST 17, an anaerobic modified urethane acrylic were used in
single and double lap assemblies of steel and annealed glass. The orientation of the
adhesive joint with respect to the line of load application was also varied through 0°,
30°, 45°, 60° and 90°, therefore subjecting the adhesive to direct shear, combined
shear/tension, and direct tension respectively (Figure 2.38).
From these tests it was concluded that the Holdtite Acroflex ST17 produced marginally
stiffer and stronger joints. Furthermore, the strength of the joint increased as the
tensile component. It was also concluded that the surface fmish of the steel and the
surface preparation of both the steel and the glass have a very significant influence on
the strength of the adhesive joint.
Adhesives have also been used to construct circular glass columns (Veer & Pastunink
1999). Two concentric chemically strengthened glass tubes were kept apart while the
space between them was filled with UVcuring resin that is hardened by slowly moving
a UV lamp upwards. When the glass is loaded to failure by compressive in-plane
loads, the UV curing resin fulfils the function of a crack-bridging medium by holding
the glass together after cracks have started to propagate. This results in considerable
post-breakage strength and displacement.
This research is the latest development
within the ZAPPI research program
being carried out at the Delft University
of Technology in the Netherlands
(Overend 1999c). The aim of this
research is to produce a composite
material that combines the
transparency of glass with the stress-
strain behaviour of metals. The best
results so far have been obtained by
gluing together sheets of chemically
strengthened glass by means of an
unspecified transparent adhesive,
which is stiff at normal working
3r-------~--------~------~
2.5
2
I-,.5
)
5 10
dIapIacement (nun)
15
Figure 2.41 Performance of ZAPPI
Load displacement curves for damaged and
undamaged ZAPPI laminates (Veer 1997).
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conditions, but which can flow plastically as tensile or flexural failure occurs and the
cracks propagate within the glass (Figure 2.41). The ZAPPI laminates are still very
expensive and the long term behaviour of the adhesive subjected to in-service thermal
cycles, fatigue, chemical attack from rain, condensation and UV light from the sun is
still under investigation (Veer& Pastunink 1999).
Other tests on cruciform glass-adhesive columns are currently underway at the
University of Malta (Vassallo 2001).
2.5.4 Design Recommendations
There are a number of published design recommendations on which glass designers
can rely, however, none of these publications can be considered to be a complete
source of information. These recommendations may be divided into design standards
and other miscellaneous publications.
The national standards may be further subdivided into three:
(i) The outdated small displacement theory approach adopted by the British and
Australian Standards, BS 6206 (1981) and AS 1288 (1994) respectively.
(ii] The definition of physical, properties of glass with no design recommendations
adopted by the German Standard DIN 1249 - Part 10 (1996).
(iii) The more recent geometrically non-linear analysis and failure prediction
approach adopted by the American Standard ASTM E-1300 (1997), the
Canadian Standard CAN/CGSB-12.20.M89 (1989) and the draft European
Standard CEN/TCI29/WG8 (1997).
Table 2.5 illustrates the main underlying theories and assumptions adopted by the
above mentioned standards. The table's primary listings are directed towards the
strength and deflection issues, although an indication of other information given by
the codes has also been listed.
32Current trends and literature review 75
Table 2.S Summary of national and international standards for glass design
Based on a review carried out by author. SoDoTo - small displacement theory; NoA. - not available or not
applicable; VoDoL. - uniformly distributed load: L.ToBo -lateral torsional buckling,
DIN 1249- ASTM CAN/COSB CEN / TCl29 /
Standard AS 1288 BS6206 Part 10 El300-97 12020oM89 WG8
(1994) (1982) (1990) (1997) (1989) (1997-1998)
Analysis adopted / s.n.r, / s.nr. / NA NonUnear / NonUnear / NonUnear /
Format Charts & tables Charts Charts Charts & tables Tables
--- ...-- ..-~-~--~---- -------- ------ -------- -----
Glass shape / Rectangular / Rectangular / NA Rectangular / Rectangular / Rectang. / 2 & 4
Support conditions 2&4edge 4edge 4edge 4edge 1\ianguIar / 3
eireo / perimeter
Maximum load / SkN/m' / SkN/m' / NA 10kN/m' / 10kN/m' / NA /
Load type Lateral UDL Lateral UDL Lateral UDL Lateral UDL Lateral UDL
-- -- ------------- -- -- ------
Statiatical Distribution NoA. NoA. Weibull / WeI"bull / Weibull / WeI"bull /
of Glass Strength / Load duratioo & Load duration, Load duration, Load duration,
FactoI'8 Cooadiered SwfaceArea Swface Area & Swface Area & Swface Area &
Streaa Distribtn. Streaa Distribtn. Streaa Distribtn.
Proba8bility of NoA. NA NoA. 8/1000 or 8/1000 1/2000
Failure User defined
Datum Surface Area / NoA. NoA. 1 m' / 1 m' / 1 m' / 1 m' /
Load Duration Instantaneoua 1 minute 1 minute IruUutaneous
--- -- -----.-.- ....~,---- --------- ---
Max. De1lection NoA. NoA. NoA. Rectangular Rectangular Rectangular,
CaloJlatioos 4edge 4edge 1\ianguIar &
supported supported Circular
Deflection Support NA NA NA NA NA
Reconunendations structure
aJIowable delltn.
Otber Information Human impact Handling Tbennal, Insulating glass Impact load & lnadating glass
requirements & storingII5 acoustic design tbennal strese design
Glass fin design intaJJing &chemical information
limited by L.ToBo information properties
Main Detailed human Detailed, Complete list User friendJy User friendJy Moat ampIete
advanl:agles impact bandJing. of glass Pr approach & Pr approach & codeII5
information storingII5 poperties AJJows Provides impact equivaJent IItre8a
and glass fin instaJJing user defined & tbermallltre8a concept that is
design information probabilities of informaIion amparedto
failure streDgth of glass
---------------- ----- ------ c-------- --
Main Inaccurate Inaccurate No design AIIowabJe load AJJowabJe load Unapproved
DisadvantagIes SoDoTo& UDclesr SoDoTo& UDclesr information ratbertban ratbertban draft standard &
statistical basis statistical basis ultimate strese ultimate strese No provision for
approechII5 approachII5 user-deliDed Pr
No infoo on other No infoo on other & DO practical
glass glass methodfcr
oonfoguratiOl18 cmfogurations calculating
equivaIeDt IItre8a
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The technical recommendations and product selection information produced by the
major glass manufacturers is voluminous. These range from the more traditional
promotional brochures and technical data sheets (Pilkington 1997; Saint-Gobain
1998; Pittsburgh Plate Glass 1997) to glass selection software (Pilkington 1999) and
inter-active information over the Internet (Pilkington 2001, Saint-Gobain 2001,
Pittsburgh Plate Glass 2001). This library of information is useful, however the
secrecy, which pervades the glass industry, results in an emphasis on the promotional
rather than technical information. The technical information tends to be restricted to
a listing of thermal, noise and fire performance of different products.
Two excellent publications by independent organisations are 'Steel Supported Glazing
Systems' (Ryan et al. 1997) and the more extensive 'Structural use of Glass in
Buildings' (IStructE 1999). Despite the useful practical advice given in these
publications, the issue of the fundamental strength of glass is not thoroughly dealt
with and the relative efficiency of the various proposed connections and glass
configurations is overlooked.
CHAPTER 3
The Failure Prediction of Glass
3.1 INTRODUCTION
The strength of a material is arguably the single most important factor to engineers.
The ability to predict the failure load of a material analytically enables a product to be
designed efficiently with less prototype testing and greater confidence. It is therefore
disturbing to note that despite having been around for so long, there is still no
agreement on a defmite mathematical model to predict the failure of glass.
The conclusions drawn from the previous chapter and the approach adopted in recent
glass design standards and publications expose the inadequacy of maximum stress
oriented theories to portray the strength of glass (ASTME 1300-97, 1997; CAN/CGSB-
12.20-M89, 1989; CEN/TCI29, 1997; IStructE 1999). The more recent glass failure
models, discussed in section 2.3.5, treat the strength of glass statistically by relating
the probability of failure to the factors affecting Griffith flaw characteristics. However,
these models are restricted to specific load/ support conditions, or have been
formulated for annealed glass only or do not take into account all factors known to
affect glass strength. There is therefore a need for a general glass strength model. This
is also necessitated by the ever increasing ways of supporting glass, discussed in
section 2.5, and also by the wide range of thermally induced surface pre-compressions
available in tempered glass.
Consequently, the aim of this chapter is to formulate a general glass failure prediction
model that is valid for any geometry, load or support arrangement. This model is
formulated by extending existing fracture mechanics models and comparing their
performance both at conceptual level and by means of numerical and physical testing.
Furthermore, since engineers normally deal with ultimate strengths ratter than
probabilities of failure and given that fracture mechanics calculations are too
cumbersome for everyday design, a simplified glass design method is proposed.
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3.2 EXISTING AND PROPOSED GLASS FAILURE MODELS
3.2.1 Existing Failure Models
Modern usage of glass as a structural or semi-structural material has led to the
development of a number of failure prediction models as discussed in section 2.3.5.
The earliest such failure model, the load duration theory was proposed by Brown in
1972. Beason (1980) and Beason & Morgan (1984) developed the glass failure
prediction model, which constitutes the backbone of the US (ASTME-1300-97, 1997)
and Canadian (CAN/CGSB - 12.20.M89, 1989) standards. This was considered to be
the state of the art by glass designers and engineers. More recently an alternative
treatment of the failure of brittle solids derived from linear elastic fracture mechanics
has emerged in the form of crack growth models (Sedlacek 1995, Fischer-Cripps &
Collins 1995, Porter & Houlsby 2001).
The failure prediction models referred to above constitute a valuable background in
the structural design of glass. Nevertheless, the separate models have never been
compared on a general theoretical level and it would seem opportune to do so before
selecting the best model or formulating an improved one.
From the author's analysis of the above mentioned failure models, it is evident that
the failure models differ on most factors that effect glass strength (refer to section
2.3.4). However, it seems that there is general agreement on the effect of
environmental conditions. Any minor differences between the failure models with
regards to the environmental conditions will therefore be ignored. The major
discrepancies between the failure models may be described in terms of the theories
and simplifications adopted to characterise any of the following:
(i) probability distribution function (PDF);
(ii) load-duration effect;
(iii) stressed surface area effect;
(iv) geometries and orientations of surface flaws.
These aspects are discussed in detail in the following sequel.
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3.2.1.1 Probability Distribution Function
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Figure 3.1 PDF for annealed glass
Complete (O<P_r:1) probability distribution function for a uniformly applied 60-second equivalent stress (Ye
over a 1m2 annealed glass.
The annealed glass probability distribution functions (PDFs) shown in Figure 3.1
reflect the discrepancies that exist between existing failure prediction models. Figure
3.2 is basically a magnification of the lower part of Figure 3.1 i.e. at the lower
probabilities of failure that are normally used for design purposes.
cL: 0.008
~
'&l 0.007
(x.,
'0o 0.006
;;3
~ 0.005
E
Po. 0.004
Cl)
.~
0.003as
"3
El
::l 0.002o
0.001
0
0.01
1/1 I
I I
~
/
I /
I /11 I I
I II / /
/ I I /
/ A /
/ /V .:
V l0 _____,. v
Brown (1974)
0.009
o 5 10 15 20 25
-Beason&
MOrglll1 (1984)
-Beason (1980)
-Sedlacek etal
(1995)
- Fischer-Cripps
(1995)
ASTM (1997) &;
CAN-CGSB
(1989)
60s Equivalent Failure Stress (J. (N/mm')
30
Figure 3.2 Partial PDF for annealed glass
Partial probability distribution function for practical probabilities of failure (O<P_r:O.01). The probability of
failure Pris related to a uniformly applied 60-second equivalent stress (Ye over a 1m2 annealed glass.
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It is important to note that in Figure 3.1 and Figure 3.2, the PDFs derived from the
crack growth models of Fischer-Cripps & Collins (1995) and Sedlacek et al. (1995)
together with the PDF of Brown's load duration model (Brown 1974) have been
transformed to 60 second equivalent PDFs. This transformation allows direct
comparisons to be made between these models, that were originally formulated for
instantaneous failure, and the other PDFs based on the 60 second equivalent stress.
The discrepancies between these PDFs
are the result of the different surface
strength parameters m and k adopted
in equation 2.36. The summary of
surface strength parameters shown in
Table 3.1 and the probability
distribution functions in Figure 3.1
and Figure 3.2 reveal that there is good
agreement between the models of
Brown (1974), Fischer-Cripps (1995)
and ASTM(1997) & CAN/CGSB (1989).
The Beason (1980) and Beason &
Morgan (1984) distributions provide an
underestimate and overestimate
Table 3.1 Summary of Surface
Strength Parameters
Surface strength parameters adopted by the annealed
glass failure models in the Probabilty of failure
equation (Pf= l-exp(-kAue
m
)).
Failure Model Surface Strength Parameters
Brown (1974);
Fischer-Cripps (1995)
as-received glass
m = 7.3 k = 5.lxl0-57m-2 Pa-7.3
Beason (1980)
weathered glass
m = 6 k = 7.19xl0-45m-2 Pa~
Beason &Morgan (1984) m = 9 k = 1.32xl0-09m-2 Pa-9
as-received glass
~~- ----~----+-------.-----------
ASTM (1997);
CAN-eGSS (1989)
weathered glass
Sedlacek et al (1995);
CEN/TCI29/WG8 (1997) m=25 k=2.35xl0-188m-2Pa-25
respectively of the glass strength with
respect to the other models. The
reason for this disagreement may be
attributed to the relatively small number of tests carried out. This inconsistency was
as-received glass
in fact rectified by ASTME-1300-97 (ASTM1997) and CAN/CGSB 12.20-M89 (1989)
which adopted the theoretical concepts of Beason and Morgan (1984) but carried out
further tests to obtain more reliable values for the surface strength parameters
(Dalg1iesh& Taylor 1990).
The Sedlacek, Blank & Gusgen (1995) PDF, which forms the basis of the draft
European Standard (CEN/TC129 1997), shows reasonable agreement with the Brown
(1974), Fisher-Cripps (1995), ASTM (1997) and CAN/CGSB (1989) functions at low
probabilities of failure. There is however, a large disparity between the Sedlacek et al.
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(1995) model and the others at larger probabilities of failure. The upper portion of
Sedlacek et. al. (1995) probability distribution function appears to be the result of a
very low scatter of data, which is not normally associated with glass specimen testing.
Furthermore, the high surface strength
parameter (m=25) suggests that a less
extreme probability distribution, such
as the normal distribution, may be
more suitable than the adopted 2-
parameter Weibull distribution.
Table 3.2 compares the 60-second
equivalent failure stresses, O'e, obtained
from the respective failure models for
two commonly used probabilities of
failure Pf. The values within this table
confirm the discrepancies of the Beason
(1980) and Beason & Morgan (1984)
PDFs and the anomalies of the
Sedlacek et al. (1995) PDF at higher
probabilities of failure.
Table 3.2 Comparison ofAnnealed
Glass 60s Equivalent Stresses O'e
De represents the 1m2, 60s equivalent failure stresses
for a probability of failure of 1/1000 (0.001) and 11125
(0.008) obtained from the respective annealed glass
failure models.
Failure Model PI ere
Brown (1974) 1/125 15.50 N/rrml
1/1000 11.85N/mm2
--_._------_._ ..._------- -.--~.-.-- ---.---.---- ..,---~----~
Beason (1980) 1/125 10.19N/mm
2
1/1000 7.20N/mm2
-------_._-_. __ ._._-----._ ...- -----~-----~- ... .__ ....._ ..._._--_ .._._ ..._._-_ .._
Beason & Morgan (1984) 1/125 26.34N/mm
2
1/1000 2O.89N/mm2
t---------.-.---
ASThI (1997); 1/125 16.11 N/mm2
CAN-CGSB (1989) 1/1000 11.96 N/mm2
Sedlacek et aJ (1995); 1/125 14.39N/mm2
CEN/TCI29/WG8 (1997) 1/1000 13.38N/mm2
Fischer-Cripps (1995) 1/125 17.25N/mm
2
1/1000 13.41 N/mm2
3.2.1.2 Load Duration Effect
The different stress corrosion curves adopted by the failure models in question are
shown in Figure 3.3. It is immediately apparent that the Beason & Morgan (1984)
model neither agrees with the crack growth models of Fisher-Cripps & Collins (1995)
and Sedlacek et. al. (1995) nor with the load duration theory of Brown (1974). This
fact has already been reported by Fisher-Cripps & Collins (1995) and is thought to be
due to an error in the implementation of the stress corrosion theory formulated by
Charles & Hillig (1962). The CAN/CSGB (1989) and the ASTM (1997) strength/time
step functions are very similar (the latter being omitted for clarity) and follow the
Beason & Morgan load vs. time curve. Fischer-Cripps & Collins (1995) reported that
the CAN/ CGSB step function is in good agreement with the crack growth and load
duration models at short load durations. This, however only occurs at very low
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duration «Is) and the error increases as it approaches 60s. The CANfCGSB
recommendations show good agreement at lx IO'' seconds and immediately after the
last drop in the step function (i.e. > Irnonth].
Figure 3.3 also shows the inclusion of Fisher-Cripps and static fatigue ratio into the
crack growth model proposed by Evans & Wiederhorn (1974) as discussed in section
2.3.4.1. Likewise, Figure 3.3 shows the static fatigue extension of the Sedlacek et. al.
(1995) curve adopted by the draft European Standard. It is interesting to note that
the static fatigue limits of Fisher-Cripps & Collins (1995) and CENfTC 129 (1997) are
in good agreement and occur at 55 and 64 days respectively.
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Figure 3.3 Stress corrosion curves for annealed glass
Relative strength vs. load duration relationship characterised by various failure models. The relative
strength is compared to the 60-second failure in the Beason & Morgan (1984) model and to the
instantaneous failure in the crack growth models.
There are however two main observations on the draft European Standard which may
be cause for some concern. The first is that the step function set out in the annex D
of the standard does not match the load-strength curve proposed by Sedlacek et al.
(1995), thus suggesting that the step function is unsafe in load durations immediately
preceding the steps (i.e. slightly < 5mins and slightly < 64 days). Secondly, the static
fatigue ratio of 27% adopted is outside the range of static ratio limits discussed in
section 2.3.4.1 and reported elsewhere (Shand 1961; Wiederhorn & Bolz 1970;
The failure prediction of glass 83
Michalske 1983; Wiederhorn 1977; Wan et al. 1961). The proposed 27% static fatigue
ratio cannot be explained, this however, has a strong resemblance to the 0.27 MPa
m 1/2 static fatigue limit which was adopted by Fisher-Cripps & Collins (1995) and
which is equivalent to 34.6%. It is the author's opinion that the draft European
Standard has mistakenly replaced the static fatigue limit with the static fatigue ratio.
3.2.1.3 Stressed Surface Area Effect
The relative strength vs. stressed area relationship shown in Figure 3.4 reveals that
the datum adopted by all models is 1m2• There is good agreement between the
Fischer-Cripps & Collins (1995) curve, which is identical to Brown's relationship, and
the ASTM(1997) & CANjCGSB (1989) curves. There is less agreement between the
above mentioned curves and the relationship proposed by Beason & Morgan (1984),
but the differences are within acceptable limits (±10% at 1x105 mm- and 1x105 mm?
respectively). The Sedlacek et al. strength vs. area curve does not agree with any of the
other models. This discrepancy is mainly attributed to the extraordinary high surface
strength parameter m = 25.
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Figure 3.4 Surface area effect for annealed glass
Relative strength vs. stressed surface area as characterised by various failure models. All failure models
adopt the strength of a uniformly stressed 1m2 plate as a benchmark.
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3.2.1.4 Geometries and Orientations of Surface Flaws
The effect of varying maximum and minimum principal stresses on the probability of
failure of glass, discussed in section 2.3.4.3, has been overlooked by all the failure
models apart from the glass failure prediction model proposed by Beason (1980) and
extended by Beason & Morgan (1984). It is surprising that the crack growth models
proposed by Fischer-Cripps & Collins (1995) and Sedlacek et al. (1995) fail to mention
varying principal stresses. This is considered to be a major shortcoming and will be
included in the proposed general crack growth model formulated in section 3.2.2.
3.2.2 Formulation of the General Crack Growth Model
From comparisons carried out in the previous section, it is apparent that although
there is a basic understanding of the mechanics of glass failure, no single model takes
into account all factors known to affect glass strength.
3.2.2.1 Failure Prediction of tempered glass
The Beason & Morgan (1984) model was originally derived in general terms, but was
verified with annealed glass simply supported on four edges. This is reflected in the
recommendations provided by ASTM E-1300 (1997) and CAN/CGSB - 12.20.M89
(1989). The Fischer-Cripps & Collins (1995) modified crack growth model was also
derived for annealed glass only.
In view of the fact that tempered glass is used in the vast majority of structural glass
applications, a major shortcoming of most failure models discussed is that they have
not been extended to include tempered glass.
One possible reason for this omission is that if the tensile strength of annealed glass is
ignored, the strength of tempered glass is no longer influenced by Griffith flaws and
may be expressed solely in terms of permissible stresses depending on the level of
quality assurance of the tempering process. This approach is overly conservative, as it
does not take the strength of annealed glass into account. Furthermore, since the true
strength of glass remains unknown, the safety factors adopted do not reflect the true
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factor of safety. The failure models discussed in sections 2.3.5 and 3.2.1 will therefore
be extended to tempered glass based on findings reported in Norville,Bove & Sheridan
(1991).
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Figure 3.5 PDFs for tempered glass
Complete (O<P.r< 1) probability distribution function for a uniformly applied 60-second equivalent stress eYe
over a 1m2tempered glass. The surface pre-compression was assumed to 90N/mm2.
The basic probability of failure expressed in equation (2.36) takes the form of:
(3.1)
where a- is the surface pre-compression due to the tempering process and (Je is the 60
second equivalent stress.
The result seen in Figure 3.5, is a shift of the original Weibull curves by a stress of
magnitude a-, which in this case was assumed to be 90 Njmm2 and corresponds to BS
6206 (1981) Class A tempered glass.
3.2.2.2 The general crack growth model.
From all the failure models presented in section 2.3.5 and compared in section 3.2.1,
it is evident that the crack growth models are best suited to determine the probability
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of failure of structural glass. These models are based on the most recent advances in
elastic fracture mechanics and are considered to be the closest representation of the
actual failure of glass at microscopic level.
Both the Fischer-Cripps & Collins (1995) modified crack growth model and the
Sedlacek, Blank & Gusgen (1995) fracture mechanics method are based on the same
principles. However, the former is preferred since it is most easily derived from the
basic fracture mechanics equations and as discussed in section 3.2.1 provides a
verified stress corrosion limit.
Fischer-Cripps and Collins (1995) adopted Weibull's probability of failure equation
such that:
(3.2)
where O"s is the instantaneous failure stress, which from analysis of equation 2.30
occurs at a time t = 0.07 s for a probability of failure of 1/1000. The surface strength
parameters of m = 7.3 and k = 5.1 x 10 -53 m-2 Pa-7.3 have been adopted by Fischer-
Cripps and Collins (1995) and are based on the findings of Brown (1974).
Equation 2.27 may be used to characterise the instantaneous failure stress O"s of glass
with a modification to account for the surface pre-compressions induced by thermal
tempering such that:
(3.3)
where K[c is the critical stress intensity factor with a value of 0.78 x 106mlh Pa (Atkins
& Mai 1988), Y is the shape correction factor with a value of 0.713 for half-penny
cracks (Lawn 1993), Cc is the length of the critical flaw and O"r is the surface pre-
compression of the tempered glass.
As expected the propensity of a crack to cause instantaneous failure is dependent on
the plane strain fracture toughness K[c of the glass, the crack shape Y, the crack
length Cc and the level of surface pre-compression, a-, that prevents the crack from
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opening. By adopting Equation 3.3 it is possible to determine the failure strength of
both annealed and tempered glass subjected to instantaneous loads.
As long as the applied surface stress is less than the surface pre-compression, crack
propagation cannot occur. However, if O"ris exceeded, a critical flaw may either cause
instantaneous failure or it may cause a flaw to grow subcritically, under sustained
load, until it reaches a length that will cause failure of the glass. The strength
contribution of the annealed glass, O"s, is time dependant, it is therefore necessary to
introduce a stress corrosion modification factor kmoo. Since the strength contribution
of the surface pre-compression is not time dependant, it is convenient to remove the O"r
term temporarily and reinsert it in the glass strength equation (Equation 3.6) at the
end of this discussion.
The parameter kmod may be defined as the stress corrosion ratio and may be obtained
by dividing the applied stress, O"a, in Equation 2.31, derived from Fischer-Cripps &
Collins (1995), by the instantaneous equivalent stress O"s:
kmod = (3.4)
The stress corrosion ratio is however limited by a threshold stress (or crack length)
below which sub critical crack growth will not occur, regardless of load duration. This
threshold is defined by the static fatigue ratio KJSCC/KIC which is taken as 0.346 (Wan
et al. 1961; Shand 1961; Wiederhorn & Bolz 1970; Michalske 1983; Wiederhorn 1977;
Fischer-Cripps & Collins 1995). Equation 3.4 may therefore be rewritten as:
0.346 (3.5)
This stress corrosion modification factor is only invoked if the surface pre-compression
O"rhasbeen exceeded, as it would be nonsensical to consider sub-critical crack growth
when the net surface stress is still compressive.
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The surface tensile strength of glass (Yf is therefore given by:
(3.6)
where (Ys is the instantaneous strength of annealed glass obtained from the probability
distribution function (Equation 3.2), kmod is the stress corrosion modification factor
obtained from Equation 3.5, (Yr is the surface precompression induced by the
tempering process and Yv is the safety factor 0 account for variations in the surface
precompressions.
This interaction between load duration, stressed area, surface stress and probability of
failure may also be expressed by means of a failure envelope as shown in Figure 3.6.
The plotted surface represents the allowable stresses for various load durations and
stressed areas (i.e. the term krrwd (Ys) for a probability of failure of 1/1000 .
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Figure 3.6 Failure envelope for annealed glass
Failure stresses for various load durations tf and surface areas A, resulting in a probability of failure Pf of
1/1000.
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Therefore, an annealed glass plate with a given load applied for a given duration and
with a given surface area is adequate if the resulting tensile stresses on the glass plate
surface lie below the plotted failure surface.
The risk of failure experienced by a glass plate is related to the magnitude of the
applied stresses that act normal to the axis of the surface flaws. The term as in
Equation 3.4 and Equation 3.5 is in fact derived from experiments which ensure that
the stress is applied perpendicular to a crack (Griffith 1920; Wan Lathabai & Lawn
1961; Wiederhorn & Bolz 1970; Tada, Paris & Irwin 1973; Weiderhorn 1977 and
Michalske 1983).
There are two cases when the risk of failure is independent of flaw orientation. The
first occurs when a glass plate is subjected to a state of uniaxial stress applied normal
to a flaw (CTmin = 0 = 0). The second is when a glass plate is exposed to a uniform state
of biaxial stress with equal principal stresses (CTmax = amin). In most cases, however, the
state of stress on the glass plate surface is such that the major and minor principal
stresses are unequal. Therefore the resultant stress which acts normal to the axis of a
flaw, aa, and hence the strength of glass, is a function of flaw orientation (Figure 3.7).
The failure prediction models of Brown (1974), Sedlacek, Blank & Gusgen (1995) and
Fischer-Cripps & Collins (1995) do not treat this general situation where the
maximum principal stress is not acting perpendicularly to the flaw. Consequently,
their application to any stress situation
other than the two above mentioned
theoretical cases leads to conservative
errors in the computation of the
probability of failure.
amin
Even though it is doubtful if the precise
orientation of surface flaws on glass
plates will ever be known, it is however
possible to incorporate the variation of
normal stress with flaw orientation as
suggested by Weibull (1939) and
discussed in section 2.3.4.3.
Figure 3.7 Flaw orientation
The resultant mode I loading for a crack rotated
at an angle e to the direction of the maximum
principal stress.
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If the critical flaw is oriented at e degrees from the plane of the minor principal stress
Omin. and assuming that mode I loading is the only contributor to crack propagation:
CTa = CbCTmax
where Cb is obtained from Equation 2.40 or from Table 3.3
Table 3.3 Biaxial stress modification factor
(3.7)
Biaxial stress modification factor Cb, for various (Jmin/ Omax ratios derived with a surface
strength parameter m = 7.3.
O"min / O"max 1.0 0.8 0.6 0.4 0.2 0 -0.2 -0.4 -0.6 -0.8 -1.0
Cb 1.00 0.92 0.87 0.84 0.82 0.81 0.79 0.79 0.78 0.77 0.77
This means that the probability of failure of a 1m2 plate subjected to a given uniaxial
stress (O"max = O"a Njmm2; O"min = 0) is 19% less than the probability of failure of an
identical plate subjected to a uniform biaxial stress (O"max = Omin. = O"a Njmm2).
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Figure 3.8 Non uniform biaxial stress effect
The effect of unequal principal stresses acting on the probability of failure of a 1m2 glass plate.
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It therefore follows that the state of stress to which the glass plate is subjected to is an
important factor that cannot be overlooked. This effect of stress orientation on the
probability of failure is summarised in Figure 3.8.
The summation of all the stresses present on the glass surface may therefore be
derived from
(3.8)
The equivalent uniformly applied stress Up derived from equation 3.8 may be finally
compared to the failure strength uffrom equation 3.6.
The forgoing General Crack Growth Model is thought to be an accurate representation
of the tensile strength of annealed or tempered glass for any loading configuration. It
is however unattractive for repetitive manual computation. For this reason the reader
is referred to Appendix B which provides a user-friendly, design-chart, approach for
determining the surface tensile strength of glass, Uf, based on the equations presented
in this section. Furthermore, a computer programme for calculating the equivalent
uniformly applied stress Up, as represented by Equation 3.8, is developed in Chapter 4.
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3.3 EXPERIMENTAL INVESTIGATION BY RING-ON-RING TESTING
A series of ring-on-ring tests were carried out on glass specimens measuring 300 x
300 x 6mm. These tests were performed to determine the ability of the afore
mentioned numerical models, to portray the strength of glass in a concentrated load
situation. The test is performed by placing a small glass plate on a circular steel
reaction ring and applying on its opposite surface a load transmitted through a steel
loading ring until failure occurs. The purpose of this test is to achieve a uniform
tensile stress field that is independent of edge effects.
3.3.1 Apparatus
The ring-on-ring apparatus consisted of a 51mm diameter steel loading ring and three
steel reaction rings with 65mm, 127mm and 200mm diameters. (Figure 3.9 &
Appendix C).
3.3.2 Test Specimens
It has been demonstrated that if the deflection becomes very large, localised increases
in stress below the edge of the loading ring are set up due to unequal changes in
radial and tangential stresses (CEN prEN 1288, 1994). In order to minimise this
phenomenon, 6mm thick glass was selected, thus limiting deflections to not more than
half the plate thickness. The 300 x 300 x 6mm test specimens were cut from sheet
stock and rounding of comers did not exceed 1.6mm. Furthermore, the variation in
width and thickness did not exceed 5% from one end to the other.
In all 30 annealed glass and 19 tempered glass (to BS 6206 Class A) specimens were
successfully tested:
(i) 10 annealed glass specimens (6aRRA)and 6 tempered glass specimens (6tRRA)
on the 200mm diameter reaction ring.
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(ii) 10 annealed glass specimens (6aRRB)and 7 tempered glass specimens (6tRRB)
on the 127mm diameter reaction ring.
(iii) 10 annealed glass specimens (6aRRC)and 6 tempered glass specimens (6tRRC)
on the 65mm diameter reaction ring.
3.3.3 Preparation of Specimens and Testing Procedure
All specimens were visually inspected prior to testing for observable defects considered
likely to affect the strength of the specimen. The thickness of the specimens was then
determined by taking measurements with a digital Veneer scale. In order to avoid
damage to critical area, the measurements were taken at midpoint of each edge and
averaged. After measurement, a transparent adhesive tape was applied to the top
(compression) side of the specimen.
It was not possible to measure the surface pre-compression of the tempered glass as
the University does not possess a differential surface refractometer (DSR)or a grazing
angle strain predictor (GASP)normally used for such measurements.
LVDT damped to
table floor
100mm thick steel
locator ptate
damped to table
Loading table
(a) (b)
Figure 3.9 Ring-on-ring test setup
(a) test setup drawing and (b) test setup photograph
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Six glass specimens, one of each set, were strain gauged using two Micro
Measurements 1200 strain rosettes (CEA13-12SUR-120)with a 2.11 gauge factor and
wired in a quarter bridge arrangement. The strain gauges were located on the tension
face of the glass at the centre of the plate and directly below the loading ring (Figure
3.9) An RDP linear variable differential transformer (LVDT)transducer was also fitted
to measure maximum central deflections as shown in Figure 3.9. The LVDT
transducer was connected to an RDP modular 600 LVDT amplifier and calibrated
before testing by means of a micrometer and slip gauges to less than a 1% error over
the anticipated deflection. The electrical signal emanating from both the strain
rosettes and the LVDTtransducer were recorded on a Solartron data logger SI3S3D
connected to an IBMcompatible personal computer.
The locator plate was centred on the loading table by means of a punch attached to
the loading platen and subsequently clamped. The glass specimen was centred over
the reaction ring with the adhesive film facing up.
The preliminary calculations of the failure load of the specimens suggested that a
SOkNloadcell be used for the 6Smm diameter reaction ring and a 20kN loadcell be
used for the 127mm diameter and 200mm diameter reaction rings. The appropriate
loadcell was fitted in the loading ring. The specimen was then loaded at O.Smm/min
by means of a screw threaded Satec Universal testing machine, with a SOOkN
capacity. The load and time data was logged on the above mentioned external
Solartron data logger and personal computer.
The data logger was programmed to
take a reading of load, deflection and
strain (for those specimens with strain
rosettes) every second. After failure, the
location of the point of failure was
noted and measured in polar co-
ordinates with r being the distance in
mm from the centre of the plate and e,
the angle in degrees from the vertical. A
photographic record of all specimens
was also kept.
- -- - - - _1- -r----
1
1
1
1
1
1
Figure 3.10 Failure origin
Record of failure origin taken in polar co-
ordinates. With the distance r measures in mm
from the centre of the plate and the angle f)
measured in degrees measured from the vertical.
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3.3.4 Test Results
The results of the 30 annealed glass and the 19 tempered glass ring-on-ring tests are
presented under the headings of failure mode and origin, load/time,
load/ displacement and load/ stress. A summary of the basic test results is given in
Table 3.4 and Table 3.5.
Table 3.4 Summary of annealed glass
experimental results
Experimental results of annealed glass ring-on-ring
tests including location of failure origin in polar co-
ordinates from the centre of the specimen. RRA.
RRB and RRC represent the 200mm, 127mm and
65mm diameter reaction rings receptively.
Specimen Mean Failure Failure Displ@ Load S1resI@
No. Thk. Origin Load Failure Duratn. Centre
(mm) (r,O) (kN) (mm) (s) (N/mm~
6aRRA- 1 5.84 17,260" 3.43 1.28 203 -
6aRRA-2 5.84 70,350" 4.08 1.49 233 -
6aRRA-3 5.91 25,100" 9.34 2.78 523 -
6aRRA-4 5.88 30,135" 2.93 1.19 190 -
6aRRA- 5 5.83 35,120" 2.92 1.13 168 -
6aRRA-6 5.87 38,S' 4.62 1.61 290 -
6aRRA-7 5.86 35,1S' 4.67 1.61 305 -
6aRRA-8 5.85 32,300" 4.63 1.62 287 -
6aRRA-9 5.83 30,300" 3.59 1.25 203 -
6aRRA-10 5.84 70,3d' 1.98 0.84 134 75.6
6aRRB-1 5.89 17,36(f 17.02 1.85 384 -
6aRRB- 2 5.89 20,2S' 4.52 0.69 124 -
6aRRB- 3 5.89 17,C!' 10.59 1.26 296 -
6aRRB- 4 5.92 13,3OS' 9.80 1.20 286 -
6aRRB-5 5.92 25, C!' 1.65 0.38 60 -
6aRRB-6 5.92 32,35S' 3.30 0.57 93 -
6aRRB-7 5.90 5,31S' 7.59 1.00 251 -
6aRRB-8 5.91 8,350" 5.62 0.79 213 -
6aRRB-9 5.94 35,1C!' 4.79 0.69 183 -
6aRRB- 10 5.cn 25,1S' 4.72 0.69 135 118.6
.._---- --=- r--- _."---
6aRRC-1 5.94 26,29C1' 15.62 0.62 221 -
6aRRC-2 5.cn 26,17C!' 30.68 0.73 244 -
6aRRC-3 5.96 28,31C!' 17.17 0.58 214 -
6aRRC-4 5.96 24,12S' 22.43 0.66 233 -
6aRRC- 5 5.98 27,31C!' 18.95 0.68 237 -
6aRRC-6 5.97 5,22C1' 24.75 0.73 233 -
6aRRC-7 5.93 17,35S' 23.61 0.79 241 -
6aRRC- 8 5.93 14,14S' 27.92 0.77 254 -
6aRRC-9 5.95 5, C!' 22.26 0.63 228 -
6aRRC-10 5.98 25,19S' 18.82 0.63 234 119.6
Table 3.5 Summary of tempered glass
experimental results
Experimental results of tempered glass ring-on-ring
tests including location of failure origin in polar co-
ordinates from the centre of the specimen. RRA,
RRB and RRC represent the 200mm, 127mm and
65mm diameter reaction rings receptively.
Specimen Mean Failure Failure Displ@ Load Stress@
No. Thk. Origin Load Failure Duratn. Centre
(mm) (r,O) (kN) (mm) (s) (N/mm~
6tRRA-2 5.91 70,350" 9.06 2.80 523 364.8
6tRRA-3 5.95 25, 100" 10.33 3.00 555 -
6tRRA- 4 5.88 30,135" 6.85 2.29 445 -
6tRRA-5 5.92 35, 120" 8.51 2.61 493 -
6tRRA-6 5.95 38,S' 10.88 3.09 566 -
6tRRA-7 5.89 35, 1S' 7.93 2.57 489 -
6tRRB- 1 5.92 17,36(f 17.02 1.89 363 448.7
6tRRB- 2 5.95 2O,2S' 14.14 1.74 367 -
6tRRB- 3 5.94 17,C!' 15.40 1.63 349 -
6tRRB-4 5.87 13,3OS' 15.04 1.77 371 -
6tRRB-5 5.93 25, et' 12.19 1.50 338 -
6tRRB-6 5.91 32,35S' 15.02 1.75 369 -
6tRRB-7 5.94 5,31S' 13.53 1.60 355 -
6tRRC- 1 5.92 26,29C1' 45.42 1.02 295 284.3
6tRRC-2 5.96 26, 17C!' 54.59 1.31 366 -
6tRRC-3 5.90 28,31C!' 56.87 1.10 317 -
6tRRC-4 5.94 24,12S' 52.88 1.11 325 -
6tRRC- 5 5.92 27,31et' 57.68 1.10 319 -
6tRRC-6 5.95 5,22C1' 52.31 1.09 312 -
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3.3.4.1 Failure Mode and Origin
All samples failed catastrophically. Two typical failure patterns for both annealed glass
and tempered glass are shown in Figure 3.11 and Figure 3.12 respectively.
, -
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(a) (b)
Figure 3.11 Annealed glass with 200mm diameter reaction ring
Apparently identical6mm thick annealed glass specimens failing at (a) 2.92kN and (b) 4.62kN
(a) (b)
Figure 3.12 Tempered glass with 200mm diameter reaction ring
Apparently identical 6mm thick tempered glass specimens failing at (a) 9.06kN and (b) 6.85kN
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3.3.4.2 Load/Time Results
The displacement controlled loading was applied at a cross-head movement of
O.5mm/min. The resulting typical load/time relationships are shown in Figure 3.13.
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Figure 3.13 Load vs. Time relationships
Load vs. Load duration for 200mm diameter reaction ring with (a) 6mm thick annealed glass (6aRRA) and (b) 6mm thick
tempered glass (6tRRA).
3.3.4.3 Load/Displacement Results
Typical load/displacement relationships are shown in Figure 3.14
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Figure 3.14 Load vs. Vertical displacement relationships
Load vs. displacement for 200mm diameter reaction ring with (a) 6mm thick annealed glass (6aRRA) and (b) 6mm thick
tempered glass (6tRRA).
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3.3.4.4 Load/Stress Results
The micro-strain readings obtained from the central strain rosettes were converted to
stress by adopting a Modulus of Elasticity of 74x103 N/mm2• The resulting tensile
stress was plotted against the applied load as shown in Figure 3.15.
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Figure 3.15 Load vs. Surface tensile stress
Load vs. Surface tensile stress at the centre of plate with (a) 6mm thick annealed glass (6aRRA) and (b) 6mm thick tempered
glass (6tRRA).
3.3.5 Test Observations & Comments
The ring-on-ring test results presented above are discussed under the respective
headings of failure mode and origin, load/time, load/displacement and load/stress.
3.3.5.1 Failure Mode and Origin
All samples failed catastrophically at characteristically scattered loads, which
generally reflected the size of the reaction rings and type of glass.
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All failures initiated randomly at points within the loading ring or in the regions of
loading rings/ glass contact areas. Thus sustaining the random location of the failure
origin outlined in the Griffith flaw theory. Furthermore, from analysis of the failure
pattern of the annealed glass specimens, shown in Figure 3.11 and Figure 3.12, it is
apparent that the specimens that failed at higher loads exhibit a considerably larger
amount of cracks as well as a mist of very fine cracks close to the fracture origin. The
increased amount of cracks formed at higher loads may be explained by the Griffith
energy concept discussed in section 2.3.2, whereby more crack surfaces have to be
formed to dissipate the larger potential energy associated with the higher loads
therefore balancing the energy in the system. The mist is best explained by the
hypothesis that the stress field associated with the crack tip causes secondary micro-
fractures to initiate ahead of the advancing crack front. Just after initiation, these
micro-cracks are overtaken by the crack front and their remains are seen as very fine
micro-cracks called mist. As the crack continues to accelerate (G Il$ 14Gc) the tip
stress field intensifies with the result that the secondary cracks form further ahead of
the tip, ultimately becoming separate entities and this is the so called crack branching
or hackle (Brungs 1995).
All major cracking outside the loading ring area was radial. Since it is generally
accepted that the crack plane is always perpendicular to the applied tension, it is
evident that the circumferential tensile stress in this region is larger that the radial
tensile stress.
The mist, crack branching and radial crack patterns are most visible in the annealed
glass specimens. These phenomena are also apparent in the tempered glass
specimens but are masked by the characteristic fragmentation of the tempered glass.
3.3.5.2 Load/Time Characteristics
The plateau occurring in the load/time graphs in Figure 3.13 at approximately 4.5kN
is the result of the transition period required by the testing machine to switch from
gravity loading to induced loading and is therefore equivalent to the self weight of the
cross-head. This is not considered to affect the test results but is taken into account
in the load-time history of the failed specimens (refer to section 3.5).
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3.3.5.3 Load/Displacement Behaviour
The curvature in the load/displacement relationships (Figure 3.14) of the tested glass
specimens reflects a stiffening effect of the glass due to geometrical non-linearity. This
behaviour is characteristically more evident at higher deflections and is cased by a
combination of direct membrane tensile stresses resulting from friction at the loading
ring/ glass contact points and circumferential membrane compressive stresses which
result from the inability of the plate to deflect into a developable, stress-free surface. A
substantial change in slope was also observed in the smallest reaction ring tests
namely, 6aRRC and 6tRRC. This is not attributed to a stress-stiffening phenomenon,
but is simply the result of seating, which is magnified by the smaller scale of
deflections being recorded. This occurrence is not considered to have any substantial
effect on the results, but any resulting change in slope in the stress/time relationship
are taken into account in the effective strength calculations (refer to section 3.5).
It is also interesting to note that after failure the load reduces gradually over a period
of time indicating that there is some post-failure mechanism at work. In the small
reaction rings (6aRRA & 6tRRA) and medium reaction ring specimens (6aRRB &
6tRRB) this phenomenon is caused by the adhesive film which acts as a membrane
after the glass specimen has failed. Also with the small loading ring (6aRRC& 6tRRC)
this phenomenon is even more pronounced and is caused by a combination of the
above mentioned adhesive film and arching action through the fragmented glass made
possible by the proximity of the loading ring and reaction ring contact points.
3.3.5.4 Load/Stress Behaviour
There was little variation between the 0°, 45° & 90° maximum surface tensile readings
within the loading ring. (Figure 3.15). This indicates that the uniform biaxial stress
state has been obtained and that it is therefore possible to assume that the biaxial
stress modification factor in Equation 3.8 is unity (i.e. es=I].
At higher loads encountered in the tempered glass specimens, stiffening of the glass
plates was observed. This stiffening manifests itself as a slight curvature in the
load/ stress curve and is attributed to the setting up of membrane stresses caused by
larger deflections.
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3.4 FINITE ELEMENT MODELLING AND PROCEDURES
3.4.1 Introduction
The above mentioned physical testing was supplemented with a Finite Element (FE)
analysis of the ring-on -ring specimens. From this numerical analysis it is possible to:
(i) obtain estimates of strains and displacements which are impossible or
impractical to measure during the physical testing (such as stress
concentrations on the glass surface directly beneath the steel rings.)
(ii) calibrate the FE model parameters used against the ring-on-ring test data to
obtain a reliable basis for predicting failure of other configurations of structural
glass.
The ring-on-ring FE analysis and all subsequent analysis presented in this thesis were
carried out using Lusas Finite Element Analysis System version 13.2 operating in
Windows 95 and Windows 98 on an IBMcompatible personal computer. Data is input
via a Lusas data (.dat) me and is based on a series of self-descriptive data sectors.
However, most of the pre- and post-processing was carried out using the graphical
interactive system Lusas Modeller version 13.2 (FEA 2000). Lusas Modeller is
designed as a feature-based commands interpreter. Once the model has been created,
Lusas Modeller is instructed to create a data me for immediate or deferred analysis.
The method of solving the equilibrium equations set up in Lusas is the frontal
technique. This solution method is generally regarded as the most efficient solution for
large systems of simultaneous equations, as commonly encountered in FE analysis. A
successful run of Lusas produces an output me (.out) which shows a step-by-step
summary of the central processor operations and a results me (.mys) which contains
the analysis results in binary form. The latter is accessed by the Lusas modeller
which includes a range of post-processing tools.
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3.4.2 Convergence testing
The pitfalls of placing too much faith in computed results are well known. It was
therefore decided to carry out a systematic preliminary analysis in order to:
(i) select the most suitable element type;
(ii) determine the most efficient mesh density;
(iii) identify a robust and reliable geometrically non-linear analysis procedure.
3.4.2.1 Element Selection
Preliminary calculations of the ring-on-ring test yielded substantial deflections. It was
therefore apparent that the element selected would have to account for both flexural
and membrane deformations.
The best performing elements under
combined flexural and membrane
deformations are the quadrilateral and
triangular semi-loof thin shell elements
(QSLBand TSL6) These elements can
also accommodate the initial curved
geometry dictated by the ring-on-ring
tests. The element formulations are
based on an isoparametric approach
with constraints to invoke the Kirchoff
hypothesis for thin shells.
6
7
3
Figure 3.16 Semi-Ioof thin shell
elements
Triangular and quadrilateral semi-loof thin shell elements
with ability to accommodate curved geometry.
3.4.2.2 Mesh Density
The optimum mesh density is the one that provides results with minimum error using
the least computer time.
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To this end a linear small deflection analysis of a 6mm thick, 1m square, simply
supported plate was performed. A transverse uniformly distributed load of 1kN/m2
was applied to the plate and a number of h-refinements were performed for both QSLB
and TSL6meshes.
The maximum central displacements and the maximum principal stress for varying
element types and mesh densities were recorded and compared to the Timoshenko &
Woinowsky-Krieger(1958) formulation based on the single series solution shown in
Equation 3.9.
(3.9)
where fm(Y) is the function that fulfils the conditions at the supports.
Table 3.6 and Figure 3.17 reveal that the triangular semi-loof elements converge
quicker than the quadrilateral elements, but convergence is not necessarily from
below.
Table 3.6 MaximumPrincipal Stresses & Central Deflectionfor a Square Plate
Comparison of Finite Element centre deflections and theoretical linear maximum principal stresses for various mesh
densities of simply supported 6mm thick square plate with a UDL of lkN/mm2•
FE Theoretical % error % error
Disp!. Disp!. QS1.8 TSL6
(mm) (mm)
2.471 2.934 -18.7 -
2.872 2.934 - -2.1
2.897 2.934 -1.3 -
2.949 2.934 - 0.5
2.929 2.934 -0.2 -
2.934 2.934 - 0.0
2.934 2.934 - 0.0
2.932 2.934 -0.1 -
No. &Type
of Elements
4QS1.8
8TSL6
16QS1.8
18TSL6
64QS1.8
72TSL6
242TSL6
256QS1.8
FE Theoretical % error % error
CTmax CTmax QS1.8 TSL6
(N/mm2) (N/mm2)
11.276 7.983 41.3 -
9.161 7.983 - 14.8
8.600 7.983 7.7 -
7.385 7.983 - -7.5
8.134 7.983 1.9 -
8.135 7.983 - 1.9
7.933 7.983 - -0.6
8.019 7.983 0.5 -
Furthermore the best results were obtained with a coarse 2x2 integration for QSLB
elements and a standard 3-point quadrature rule for TSL6elements.
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Figure 3.17 FE convergence for displacement and stress
Convergence of Finite Element results for (a) centre deflections and (b) linear maximum principal stresses for various mesh
densities of simply supported 6mm thick square plate with a UDL of IkN/mm2•
3.4.2.3 Analysis Procedure
Although it is common practise to ignore geometrical non-linearity for deflections up to
Y2 the plate thickness, the presence of a small percentage of membrane stresses may
affect the strength predictions. The performance of the element type and mesh density
was therefore verified by a geometrically non-linear analysis.
The non-linear maximum displacements and maximum principal stresses of the 1m
square plate, described in 3.4.2.2, were computed from the exact solutions derived
from the double Navier series by Levy (1942) shown in Equation 3.10. These were
compared to the maximum displacements and principal stresses obtained from
geometrically non-linear FE analysis (Figure 3.1t). As in 3.4.2.2 the predictions were
in hand before the FE analysis were performed, to promote the viewpoint that the FE
results are the results on trial.
(3.10)
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The best results were obtained with a Newton-Raphson procedure combined with a
total Lagrangian formulation. An updated Lagrangian formulation triggered zero
energy modes in the QSLBelements and produced poor results in the TSL6elements.
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The iterations per increment were set
to 10. The convergence criteria were
controlled by the residual force norm
set at a tolerance of Ix 10-6 and the
incremental displacement norm set to
1x10-4.
tolerances were set ill accordance
These relatively low
with recommendations for tight
norms in non-linear problems.
Although the QSLBelement produced
marginally better results (Figure
3.17), the TSL6 element is preferred
because it eliminates the zero energy
modes associated with quadrilateral
elements and is more suitable for
producing transition meshes in the
regions of high stress concentrations.
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3.4.3 Ring-on-ring Finite Element Model
3.4.3.1 Finite Element Mesh
The combination of regular and irregular meshes was preferred to the fully regular
mesh. The main disadvantage of the latter is that there is a considerable variation in
element aspect ratio between the outer and central parts of the model that may cause
ill-conditioning of the problem.
The minimum element size was dictated by the distance between the loading ring and
the smallest reaction ring and the necessity of mesh refinement in the loading ring
area due to forecasted high stresses in this region.
The model shown in Figure 3.19 consists of 6mm thick surface composed of 8-noded
triangular semi-loof shell elements and the analysis resulted in a 6 to 8 hour
processing time.
3.4.3.2 Material, Support and Loading Assignments
The best results with respect to the physical experiments were obtained by adopting a
modulus of elasticity, E, of 74x103 Njmm2 and a Poisson's ratio, v, of 0.25, both of
which are within the range of values suggested for glass (Appendix A).
(a) (b) .
Figure 3.19 FE model of ring-on-ring test with 200mm dia. reaction ring
Finite Element mesh composed of 8-noded triangular semi-loof shell elements showing (a) loading support
arrangement and (b) '4 plate detail of FE mesh.
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The frictional forces set up between the steel rings and the glass surface were
considered sufficient to justify the adoption of in-plane restraints at the reaction
ring/ glass interface (Figure 3.19).
The failure loads of the ring-on-ring specimens obtained from the experimental
investigation results (Table 3.4 and Table 3.5) were assigned as separate line-load
cases in ascending order. This procedure ensures that the results are obtained at
predetermined load steps on the load/ displacement curve, but the equilibrium
iterations within that load-step are carried out efficiently and robustly by automatic
step reductions.
3.4.3.3 Solution Procedure
The above mentioned automatic equilibrium iterations were performed by adopting the
Newton-Raphson method with four iterations per increment combined with a total
Lagrangian formulation.
A step reduction, which defines how the load increment is reduced if convergence fails,
was specified. A maximum of five step reductions was allowed each with a load
reduction factor of 0.5.
3.4.4 Stress distribution
The FE analysis stress contour plots (Figure 3.20) indicated a near uniform biaxial
stress distribution within the loading ring. A linearly decreasing circumferential
principal stress between the loading ring and the reaction ring and an exponentially
decreasing stress between the reaction ring and the edge of the plate.
The reason for carrying out the ring-on-ring tests was to obtain a uniform biaxial
surface stress confined within the loading ring. This results in glass failure values that
are not influenced by stress distribution.
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Figure 3.20 Stress contours of ring-on-ring test with 200mm dia. reaction ring
Maximum principal bottom stress contours plotted on a magnified (xlO) deformation for a load of (a) 2.9kN (b)
4.7kN (c) 7.9 kN and (d) lO.9kN
However, it was feared that the 350
loading ring could impart some local
tensile stress concentration to the
glass and strain rosettes were
attached in this region as shown in
Figure 3..9 . Since the readings from
these rosettes were inconclusive a
section through the FE model was
plotted (Figure 3.21). This shows that
the stress concentrations beneath the
loading ring were within 1.5% of the
tensile stress at the centre of the
plate. The tensile stress distribution
encompassed by the loading ring was
therefore assumed to be constant.
«:
§ 300
'<,e
~ 250
bm
~ 200
~S 150
~
;:l
m 100
8
·1 50
::E
d
"-
~
:\ \
1 ~
~
\ ~ ~tt ~
~
-............. ...:::~r-. a
o
o 25 50 75 100 125 150
Distance from Centre of Plate (mm)
Figure 3.21 Maximum tensile stress
Section through half the FE model of glass plate showing
maximum principal tensile stress on the bottom surface in
which (a) is the 200mm diameter reaction ring, (b) is the
127mm diameter reaction ring, (c) is the 65mm diameter
reaction ring and (d) is the 55mm diameter loading ring.
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Table 3.7a and Table 3.7b list the stresses at failure for the annealed and the
tempered glass ring-an-ring specimens respectively. The linear stress results were
obtained for a uniform annular line load for a simply supported circular plate from
Young (1989) and are considerably lower than the experimental stresses because they
do not take into account the setting up of diaphragm stresses.
Table 3.7 Comparison of experimental and computed stress in tempered glass
Experimental principal stress at centre of loading ring obtained from the (a) annealed glass ring-on-ring
testing and (b) tempered glass ring-on-ring testing compared to the principal stresses obtained from FE
analysis and the stress obtained from small displacement theory. The values in italics have been obtained by
extrapolation of the experimental displacement/stress relationship.
(a)
Specimen E)ql. aspJ.. E)qlSlress FESIress linear Stress
No. @F8i1ure @F8i1ure @F8i1ure @F8i1ure
(nm) (N/om1 (N/om1 (N/om1
6aRRA-1 1.28 135.4 126.6 101.S
6aRRA-2 1.49 163.8 149.4 l1S.S
6aRRA-3 2.78 361.8 3Cr2.2 221.0
6aRRA-4 1.19 123.7 117.0 94.6
6aRRA-S 1.13 116.0 110.6 89.S
6aRRA-6 1.61 1&:1.6 162.6 128.0
6aRRA-7 1.61 182.0 162.6 128.0
6aRRA-S 1.62 1&:1.6 163.S 128.S
6aRRA-9 1.25 131.5 123.4 99.4
6aRRA-10 0.84 7S.2 00.7 66.8
6aRRB-1 1.85 438.9 394.6 305.1
6aRRB-2 0.69 119.0 135.9 113.8
6eRRB-3 1.26 3a5.6 258.6 xn»
6aRRB-4 La) 283.0 245.3 197.9
6aRR8-S 0.38 51.2 73.1 62.7
6aRRB-6 0.'51 89.9 111.3 94.0
6eRRB-7 1.00 2Ia9 a)1.6 164.9
6eRRB-8 0.79 146.0 156.S 130.3
6aRR8-9 0.69 119.0 135.9 113.S
6aRR8-10 0.69 118.4 135.9 113.8
---~-- ----~-- f--~~~--- r--------- I----~-----
~-1 0.62 121.2 127.0 117.8
6aROC-2 0.73 175.1 192.6 176.7
6aROC-3 0.58 104.1 103.4 96.4
6aRRC-4 0.66 139.7 150.7 139.2
6aRRC-S 0.68 149.4 162.6 149.9
6aROC-6 0.73 175.1 192.6 176.7
6aRRC-7 0.79 2(8.6 229.0 ~.8
6aROC-8 0.77 197.1 216.8 198.1
6aRRC-9 0.63 125.7 132.9 123.2
6aRRC-10 0.63 119.6 132.9 123.2
(b)
SpecinEn E)ql. Dis(i.. ExpStress FESIress linear Stress
No. @F8i1ure @Failure @Failure @F8i1ure
(mm) (N/om1 (N/om1 (N/om1
6tRRA-2 2.S1 364.8 :D>.O 223.4
6tRRA-3 3.00 3SR2 33).S 238.S
6tRRA-4 2.29 2828 241.S 182.1
6tRRA-S 2.61 334.0 200.8 airs
6tRRA-6 3.09 413.2 342.3 245.7
6tRRA-7 2.'51 ~5 275.S a)4.3
----_ --~~
448.7
--
6t:RRB-1 1.89 404.1 311.7
6tRRB-2 1.74 4009 368.6 286.9
6tRRB-3 1.63 37&3 342.9 268.8
6t:RRB-4 1.70 417.1 359.2 200.3
6t:RRB-S 1.50 340.5 312.9 247.4
6t:RRB-6 1.75 411.7 371.0 288.6
6t:RRB-7 1.60 369.8 335.9 263.9
6tRRC-1 1.02 284.3 :01.0 332.0
6tRRC-2 1.31 4427 493.6 487.3
6tRRC-3 1.10 324.2 359.2 374.9
6tRRC-4 1.11 3'29.4 365.S 300.2
6tRRC-S 1.10 324.2 359.2 374.9
6tRRC-6 1.09 319.1 352.9 369.S
The FE results are generally in good
agreement with the test results at the
lower deflections, however, the FE
model is unable to simulate the full
stiffening effect of the test specimens.
This disparity between test and FE
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results is most evident at the
higher deflections and associated
stresses as shown in Figure 3.22.
In order to obtain a more accurate
estimate of the surface tensile
stress of the specimens. without
strain rosettes, a .cubic polynomial
was fitted to the existing surface
tensile stress vs. central deflection
(Figure 3.22). The stress at failure
was computed by interpolating this
relationship for the recorded ..
central deflection at failure.
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Figure 3.22 Linear, FE and
extrapolated stress
Maximum principal surface tensile stress vs. central
deflection plot showing linear approximation from
Young (1989), FE results and the cubic polynomial
adopted to extrapolate the test results of the 6tRRA
specimen.
3.SCOMPARISONS AND COMMENTS
3.5.1 .Performance of the proposed General Crack Growth Model
The ability of the proposed General Crack Growth Model (GCGM) to predict the
probability of failure of annealed and tempered glass was verified against the ring-on-
ring failure data.
The failure stresses, (J', obtained from the strain gauge reading and the FE analysis
were converted to a 60-second equivalent failure stress, (J'e, by means of the following
relationship:
(3.U)
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Where CF (t) is the variation of maximum surface tensile stress. with time as shown in
Figure 3.13; CFr is the surface pre-compression due to tempering process (taken as
.90N/mm2); tr is the load duration in seconds; t; is the time at which aft) = 90N/mm2
and n is the static fatigue constant (n=16).
This equation effectively transforms
the portion of the stress/time
relationship which is dependant on
load duration to an equal probability
of failure stress, applied
constantly for 60-seconds (refer to
Figure 3.23). The CFr term within:
Equation 3.11ensures that the surface
pre-compression due to the tempering
process is excluded from the load
duration calculations.
The resulting 60-second equivalent
failure stress CFe is converted to a 1m2
equivalent effectivestrength CFf.
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Figure 3.23 Load duration effects for
tempered glass
Maximum surface tensile stress variation with time
showing region CF> 90N/mm2 which is time dependant
and region CF < 90N/mm2 which is independent of load
duration.
(3.1i)
where A is the area enclosed by the loading ring and m is the surface strength
parameter.
It is important to note that CFf should be calculated by summating the contributions of
all stressed areas on the plate surface. However, since most specimens failed within
the loading ring, the contributions of the remaining. areas were neglected.
Furthermore the stress distribution within the loading ring is such that the major
principal stress, CFmax, and minor principal stress, CFmin,are equal, it w-as therefore
possible to adopt a biaxial stress correction factor cs= 1 (refer to section 3.2.2 and
Appendix B).
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Table 3.8 Rank order and effective strength for probability distribution functions
Rank order based on the area-equivalent strength OJ which in turn is in turn is dependant on the 60-secong
equivalent strength O'e for (a) annealed glass and (b) tempered glass ring-on-ring tests.
(a)
Specimen Rank Load Failure Equivalent
No. Onier Duartion Stressae Strengthar
(s) (N/mm1 (N/mm1
6aRRB-5 1 60 51.2 14.5
6aRRB-6 2 93 89.9 21.5
6aRRA-10 3 134 BO.S 23.3
6aRRB-2 4 124 119.0 23.6
6aRRB-I0 5 135 l1S.4 24.S
6aRRA-5 6 168 116.0 28.3
6aRRB-9 7 183 119.0 29.3
6aRRC-3 S 214 104.1 29.6
6aRRA-4 9 190 123.7 30.0
6aRRA-l 10 201 135.4 30.5.
6aRRA-9 11 203 131.5 30.5
6aRRA-2 12 233 163.S 30.9
6aRRA-6 13 290 1BO.6 30.9
6aRRA-7 14 305 lS2.0 30.9
6aRRA-S 15 287 1BO.6 30.9
6aRRC-1 16 221 121.2 32.4
6aRRC-9 17 228 125.7 35.4
6aRRB-7 IS 251 210.9 36.3
6aRRB-S 19 213 146.0 36.7
6aRRC-4 20 233 139.7 37.6
6aRRC-6 21 233 175.1 37.6
6aRRC-I0 22 234 119.6 38.0
6aRRC-5 23 237 149.4 39.4
6aRRC-7 24 241 208.6 41.2
6aRRB-4 25 286 283.0 41.9
6aRRC-2 26 244 175.1 42.7
6aRRB-3 27 296 306.6 43.9
6aRRC-8 28 254 197.1 47.5
6aRRB-l 29 384 438.9 72.0
6aRRA-3 30 533 361.S 74.9
(b)
Specimen Rank Load Failure Effective
No. Onier Duration Stressae Strengthar
(s) (N/mm1 (N/mm1
6tRRC-l 1 295 284.3 104.6
6tRRA- 4 2 445 282.S 110.0
6tRRB- 5 3 338 340.5 114.2
6tRRC-6 4 312 319.1 117.7
6tRRB-7 5 345 369.S l1S.S
6tRRA-7 6 488 327.5 119.5
6tRRA-5 7 493 334.0 120.6
6tRRB-3 S 349 37S.3 121.6
6tRRC-3 9 317 324.2 121.S
6tRRC- 5 10 319 324.2 123.4
6tRRA-2 11 522 364.S 127.4
6tRRC- 4 12 324 329.4 127.5
6tRRB- 2 13 367 408.9 135.4
6tRRA-3 14 5S5 398.2 135.4
6tRRB-6 15 368 411.7 136.2
6tRRA-6 16 566 413.2 138.2
6tRRB-4 17 371 417.1 138.S
6tRRB-l IS 383 448.7 149.6
6tRRC-2 19 366 442.7 164.2
The resulting 1m2, 60 second
equivalent strength, Uf, shown in Table
3.8a and Table 3.8b was plotted against
the cumulative probability of failure
and compared to the probability
distribution functions discussed in
section 3.2.1 and the GCGMformulated
in section3.2.2. Both the Fischer-Cripps & Collins (1995) and the ASTM(1997)/Can-
CGSB(1989) models show good agreement with the annealed glass ring-on-ring test
data especially at the low probabilities of failure generally adopted in practice. The
proposed GCGMoffers the best agreement with the test data (Figure 3.24). This model
is an extension of the Fischer-Cripps Model as discussed in section 3.2 and adopts
surface strength parameters k = 7.19xlO-35 m-2Pa-4·4and m = 4.4.
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Figure 3.24 Test results & failure models for annealed glass
Probability distribution functions of existing and proposed models compared to annealed glass ring-on-ring test data
The ASTM(1997) and CAN-CGSB(1989) tempered glass models shown in Figure 3.25
overestimates the strength of glass. This fact was also reported by Norville et al.
(1993) and may be attributed to the over simplified application of a heat treatment
factor of 4 to arrive at the strength of tempered glass.
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Figure 3.25 Test results & failure models for tempered glass
Probability distribution functions of existing and proposed models compared to tempered glass ring-on-ring test data
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The proposed GCGM shows good agreement with the tempered glass ring-on-ring test
data, but the variability in strength is larger than expected. The reason for this
variability may be attributed to the variations in surface pre-compressions in the
tempering process. This variability added on to the natural variability of annealed
glass strength results in a larger scatter of data.
It is possible to derive surface strength parameters m and k to produce a better fit to
the tempered glass test data shown in Figure 3.25. However, since the load duration
and surface area effects apply solely to the annealed part of the glass strength, such
an improved PDF would only be valid for tempered glass.
A more practical solution is to adopt the same PDF used for annealed glass and to
make use of a safety factor rv, which is dependant on the level of quality assurance of
the tempering process as described by Equation 3.6 and Appendix B. From the ring-
on-ring test data it was possible to derive a safe value of rv = 1.15 which ensures
excellent agreement between the test data and the proposed GCGM probability
distribution function at low probabilities of failure adopted in everyday glass design.
Although rv = 1.15 produced the most accurate predictions, it is suggested that, until a
meaningful reliability analysis of the surface pre-compression variations of the
tempering process are carried out, a value of rv = 1.5 is adopted as proposed by the
draft European Standard (CEN/TCI29 1997).
3.5.2 Surface stress distribution
All specimen failures occurred within the highest stress regions of the loading ring or
extremely close to these locations. This confirms that the low stress regions have only
a minor contribution to the probability of failure of glass. The statistical significance
of the proposed GCGM is such that if it were possible to divide a glass plate into two
equal regions A an B and apply a surface stress of Ua and O.SUa to A and B
respectively, for every failure initiating in region B, there would be 21 failures initiating
in region A.
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In practical terms this means that it is too conservative to assume that the value of
stress within a stress concentration is applied over the whole glass surface area.
Furthermore, if the stressed surface areas are of comparable size the regions which
are stressed at less than 0.5 (Ta may be ignored. If on the other hand the maximum
surface stress is applied to a relatively small area of plate, an efficient design may only
be obtained by summating all the stresses as proposed in Equation 3.8 and Appendix
B.
3.5.3 Shear Strength
There was no uncharacteristic variation in the strength values between the 200mm,
the 127mm and the 65mm reaction rings and all specimen failures could be attributed
to extreme fibre tensile failure arising from flexural action. Itwas therefore concluded
that any shear strength limitation in glass may be ignored.
3.6 CONCLUSION
A General Crack Growth Model (GCGM)for annealed and tempered glass has been
developed. This method takes into account all known factors to affect glass strength
and is based on linear elastic fracture mechanics approach put forward by Fischer-
Cripps and Collins (1995). The proposed GCGM is shown to be an improvement on
existing models in predicting the ring-on-ring specimen failures. Furthermore,
Appendix B provides a user-friendly design-chart approach for determining glass
thickness based on the equations presented in Section 3.2.
The advantage of the GCGM is that it is independent of plate geometry, load or
support arrangement and it enables the prediction of the probability of failure, Pf, of
glass with reasonable accuracy. It is therefore possible to optimise the use of
structural glass by comparing the equivalent uniform applied stress, (Tp , or the
probability of failure, Pj , for various alternative glass assemblies.
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To this end, it is imperative to develop a mechanism for calculating the equivalent
uniform applied stress by summating the tensile stresses present on the glass surface
as given by Equation 3.8. Furthermore, the accuracy of the proposed General Crack
Growth Model has to be verified by assessing its ability to predict the failure of bolted
connections encountered in structural glass and simply supported rectangular glass
panels.
CHAPTER 4
Bolted & Adhesive Connections
in Structural Glass
4.1 INTRODUCTION
An engineer designs or builds machines and structures built form various
components. These components are assembled by bolting, riveting or other
forms of mechanical fastening - by welding or the related processes of brazing
or soldering, or more recently by means of adhesives that chemically bond the
components to each other. Glass is no exception to this process, on the
contrary, the relatively small size of tempered glass panels currently available
make the connection a key element in glass structures.
Connection design is dependant upon the nature of the materials to be connected as
well as the method of connecting. The first cast iron bridge at Ironbridge in
Shropshire, England, was erected in
1777-1779 by casting massive half-
arches and assembling the structure
with mortise and tenon joints with fit-
on parts and tapered pegs (Figure 4.1).
This mode of construction was the only
one known to the designer at the time
and was based on the design of timber
structures of that period. Fish plates
and bolted connections were first used
in metal structures only in 1860 after
the invention of mild steel. The design
of connections in timber structures
similarly underwent changes through
the centuries when structural iron
became available.
Figure 4.1 The iron bridge in
Shropshire
The bridge spanning 30.Sm across the river
Severn was the first ever iron bridge. The bridge
was a catalyst for other iron· bridges and the
development of bridge technology during the
industrial revolution.
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The present day standard connections in steel and timber are clearly a result of a long
process of optimisation prompted by improvement in material properties and
development of new methods ofjointing.
There are many similarities between the design philosophy at Ironbridge 220 years ago
and the approach adopted in designing structural glass connections today. This is
particularly evident in most of today's glass connections, discussed in section 2.4.4,
that draw their inspiration from an existing and familiar jointing method - structural
steelwork bolted connections.
Arguably, it is unwise to adopt this direct technology transfer approach as the
resulting connections deliberately induce stress raising bolt holes and macroscopic
flaws associated with the drilling" process into the glass. The lack of published
research on the behaviour of bolted connections in glass does little to prove or
disprove this.
Bolted connections are ideal for joining steel, which can accommodate the stress
concentration at the bolt holes by deforming plastically in these regions of high stress.
Glass, on the other hand, is a perfectly elastic material with a very low tolerance for
stress concentrations. Adhesive connections may therefore be more suited to the
brittle characteristics of glass because they distribute the load over a larger area and
do not require holes or other potentially counter-productive surface modifications to
the glass.
The published research on behaviour of pin and lug connections in metallic
structures, referred to in section 2.4.4, constitutes a valuable background in any
stress-related work on bolted connections. Nevertheless, none of the research
encountered deals with glass and it is therefore opportune to carry out a parametric
Finite Element (FE) based appraisal of bolted connections in glass. The load bearing
capacity of these connections is determined by FE analysis and a specifically written
computer program for predicting glass failure and is subsequently compared to
alternative connections using adhesives. Physical testing of bolted and adhesive
specimen connections will be carried out to select a suitable adhesive and to verify the
validity of the numerical predictions.
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4.2 THE VIABILITY OF AN ADHESIVE CONNECTION
4.2.1 Adhesive selection
From the literature review (Schneberger 1977; Waterman & Ashby 1991; Pye &
Ledbetter 1997; Adams, Comyn & Wake 1997; Pye 1998; IStructE 1999; Veer &
Patunink 1999; Holloway 2001) and from preliminary tests carried out at the
University of Malta (Cachia 1999) it was apparent that the modified epoxies or
toughened acrylics are the most suitable adhesives for steel to glass bonds. However,
there are a number of other issues that affect the choice of adhesive.
(i) The adhesive should be the strongest possible with a shear strength of at least
1SN/mm2 and a tensile strength of at least 20N/mm2•
(ii) Any surface roughening is to be limited to the steel surfaces.
(iii) The adhesive should have a substantial plastic strain to failure.
(iv) The adhesive should be capable of filling a O.Smm gap without substantial loss
in strength.
(v) As the joint is visible, the adhesive should be clear and resistant to UV
radiation (both in colour and strength).
(vi) The adhesive should be capable of operating in low and high temperature
environments (-10°C to 60°C).
(vii) The adhesive should cure at room temperature and achieve handling strength
in less than 12 hours and full strength in not more that 3 days.
(viii) The design life of the assembly would ideally be at least 30 years.
In order to select a suitable adhesive, the author approached five major adhesive
manufacturers namely: -
(i) 3M United Kingdom PLC
(ii) CIBASpeciality Chemicals PLC (UK& Ireland)
(iii) Dow Corning SA (Belgium)
(iv) Holdtite Adhesives Ltd (UK)
(v) Loctite UKLtd
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Four of these manufacturers responded positively by suggesting one or more
potentially suitable adhesives. It was therefore decided to select four adhesives in
total, one from each manufacturer (Table 4.1). The choice was based on a further
round of consultations with the respective manufacturers (Overend 2000a, 2000b,
2000c,2000d).
Table 4.1 Summary of adhesives selected
Adhesive information based on technical data sheets (Loctite 1995; 3M 1996; Holdtite 1999; Ciba
1998) and private communication between the manufacturers and the author (Overend 2000a,
2000b, 2000c, 2000d). N.A. - not available; J.1lll RA - surface roughness measurement refer to
section 4.4.1.
Manufacturer l.octite 3M Holdtite Ciba
Adhesive trade name / Product 326 / Scotch-weld 2216 B-A / Acrof1ex ST 17 / Araldite 2020 /
Adhesive type Anaerobic urethane Two part modified Anaerobic modified Two part epoxy
methacrylate epoxy urethane acrylic
Surface preparation Abrade steel to Abrade steel with Abrade steel Abrade steel with
0.8 - 3.2 lIRA 240 grit medium sized grit
Degreaser & Primer / Product 7063 / Degreasi.ng Silane adhesion Acetone or
Activator ActivatorN primer 3911 primer A091 1 thrichloroethylene
A64SP activator based degreaser
----------------~ ..- ..._--- ~-~-~----~ --
Mod. Of elasticity - E E -300N/mml E -352N/mm2 Not available E m 2857 N/mm2
Poisson's ratio - u Not available u =0.46 Not available Not available
Shear Strength / 12 - 25 N/mm2 17.2 N/mml 25N/mm2 26N/mm2
Tensile Strength 18- 3ON/mm2 N.A. 35N/mm2 N.A.
------------_- -_-_- .__ ._-_._ .._-_ --'-~- ....... _----_.-- ._------_- ~.- ---_._--_. __ ...__ ...._
Handling strength 1 lOmin 1 N.A. 1 6Os1 16hrs/
Full strength 24hrs 48hrs 24hrs 48hrs
------_. __ •...._----_._-- -~ ---_"_-_._"-_._ ~--~--
Cost per 50 ml £29.45 £19.25 £22.95 £24.30
4.2.2 Joint configuration
All single and double-lap adhesive joints reported in literature deal with a square or
rectangular adhesive area. This configuration is dictated by a known direction of
applied load. In structural glass assemblies, however, the direction of loading
transmitted across the adhesive joint may vary and depends on the type of structure
(e.g.: 3-dimensional space trusses, 2-dimensional cable trusses etc.) and on the
position of the glass plate within that assembly.
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It therefore follows that a circular adhesive area is more suitable since the resulting
strength of the connection is independent of the direction of load. It is envisaged that
high stresses will occur at the extreme regions of the circular adhesive area, however,
the adhesive should be capable of redistributing the load over the larger central
regions thus producing a joint which exhibits isotropic behaviour.
4.2.3 Preliminary Analysis
The majority of bolted connections in structural glass consist of countersunk
bolts with either internal or external articulations (section 2.5). The diameter
of the countersunk bolts within an articulated fitting is normally in the region
of 34mm. However, the overall diameter of the articulated bolt fitting is
generally dictated by the diameter of the locking washer used to hold the glass
in place and is approximately 58mm (Figure 2.34).
p p
i iii i i 58mm dia. pin in60mm dia. hole
OR
__(34mm dia. pin in
35mm dia. hole)
g g- -
58mmdia.
adhesive
g
N
s
N
~ __ 6mm thick tempered 6mm thick tempered
~~~~ ~~~~
150I. .1
(8) (b)
Figure 4.2 Preliminary comparison of bolted and adhesive connections
Preliminary calculations were carried out to determine the maximum principal stresses generated by (a)
bolted glass connections and (h) glued glass joint.
Preliminary manual calculations were performed to compare the load bearing capacity
of a 58mm diameter circular adhesive joint (Figure 4.2b) to the load bearing capacity
of the two bolted connections shown in Figure 4.2a. The 58mm diameter bolted
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connection has the same physical characteristics (diameter, edge distance, end
distance etc) as the adhesive joint, while the 34mm diameter bolted connection
produces an aesthetically equivalent connection in practice. The resulting load
bearing strengths are shown in Table 4.2.
Table 4.2 Strength of bolted and adhesive connections
Preliminary manual calculations using charts in Pilkey (1997) for bolted
connections and using the bending moment factor method by Goland & Reissner
(1944) for adhesive connections. All predictions are based on a maximum stress
failure criterion. Pt - probability of failure; N.A.* - Not applicable as only the mean
shear strengths are provided by the manufacturers; + - creep of adhesive not
taken into account.
34mmdia. 58mmdia. 58mmdia. 58mmdia.
Bolted Bolted Single lap Dolublelap
Adhesive Adhesive
Pf-0.001 15.6KN 14.7leN N.A.· N.A.·
P""
5.3 - 24.7 leN+ 42.4 - 64.1 leN+Pf-0 ..5 17.9KN 16.9leN
Pt- 0.001 17.1 KN 16.1 leN N.A.· N.A.·
Pro
Pf- 0..5 20.8leN 19.6leN 5.3 - 24.7 leN 42.4 - 64.1 leN
Failure Mode Glass failure Glass failure Adhesive failure Adhesive failure
The bending moment factors, k, adopted in this manual calculation were 0.1 and 1.0
that represent flexible and stiff adherends respectively (refer to section 2.4.5). This
range of bending moment factors together with the diverse adhesive shear strengths
fromTable 4.1 account for the wide range ofjoint strengths shown in Table 4.2.
However,from this preliminary analysis, it appears that the proposed adhesive joints
compare favourably with the more traditional bolted connections. It is therefore
opportune to carry out a more detailed numerical analysis and physical testing of
these joints in order to determine their performance.
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4.3 FINITE ELEMENTMODELLINGAND PROCEDURES
The structural performance of a bolted joint in glass depends on the following:
(i) Shape of bolt and hole.
(ii) Closeness of fit (e).
(iii) Ratio of hole diameter and end distance to width of plate (dlH and clH).
(iv) Modulus of elasticity of bolt and liner.
(v) Eccentricity of load.
Figure 4.3 Pin and lug bolted connection
Through. bolt connection showing hole diameter d, bolt clearance b; ends distance c and plate width H
Similarly the load bearing characteristics of a steel/ glass adhesive joint depends on:
(i) The shape of the steel coin and the thickness of adhesive spew fillets.
(ii) Adhesive film thickness (t.3).
(iii) Ratio of adhesive diameter and end distance to width of plate (dlH and clH).
(iv) Mechanical properties of adhesive.
(v) Eccentricity of load.
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Figure 4.4 Adhesive coin connection
Tapered circular patch plate (coin) connection showing adhesive diameter d, end distance c and plate
width H.
The closeness of fit, e, in the bolted connections and the film thickness, h, in the
adhesive connections should be kept to an absolute minimum. In practise e may be as
low as 1%, whereas te is not normally smaller than O.Smm. By keeping these two
values constant, it is possible to reduce the number of variables to be investigated and
to express the ultimate tensile strength, Pt, of a connection as follows:
(4.1)
where kshape, kedge/end and kecc are modification factors which account for variations in
shape, edge/end distances and eccentricity of load respectively. While Pnom is the load
bearing capacity of a bolted or adhesive connection with a fixed set of parameters and
fixed mechanical properties of the liner and the adhesive.
4.3.1 Preliminary FE Analysis
In order to minimise modelling errors and ensure convergence, a series of preliminary
FE runs were carried out for both bolted and adhesive connections. The first
preliminary test consisted of a plate of fmite width, H, with a centrally placed circular
hole of diameter, d, subjected to uniaxial tension (Figure 4.Sa). This test was carried
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out to investigate the performance of the 8-noded hexahedral plane stress element in
predicting stress concentrations.
The results of the medium mesh density and the fine mesh density (Figure 4.5b) are
within ± 3% of the theoretical results reported in Pilkey (1997).
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A 2~dimensional (2D) pin and lug
connection was also modelled to
investigate the validity of the non-
linear contact analysis. The
model consisted of a 49.9mm
diameter pin in a 6mm thick lug
with a 50mm diameter hole
(Figure 4.6). The contact
behaviour between the pin and
the lug was modelled by using
slidelines.
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Figure 4.5 Plate with circular hole
6mm thick steel plate with centrally placed circular
hole showing (a) typical principal tensile stress contour
plot and (b) gross stress concentration factor, Ktg,
results
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Slidelines are an alternative to joint element or constraint equations and have the
advantage that no exact prior knowledge of the contact process is required. The
slideline is composed of a pair, the master which is applied to the longer surface, i.e.
the lug, and the slave which is assigned to the shorter surface with higher mesh
density, i.e. the pin (Figure 4.6).
Slave slidelines
1/2200xlOOx6mm
plate with 50mm
dia. hole
Master slidelines
Restrained end
-----lI.~Load
Figure 4.6 Assignment of slidelines to the pin and lug model
The following slideline properties, which were set in accordance with the software
recommendations (FEA 1999), were found to produce a robust and sufficiently
accurate solution:
(i) Master/Slave interface face stiffness scale factor that controls the amount of
interpenetration was set at 0.1.
(ii) Coulomb friction coefficient, which is the measure of the resistance to sliding
offered by the contact surface, was set at 0.25.
(iii) Zonal contact detection parameter, which controls the extent of the contact
detection test, was set at 1.11.
(iv) Close contact detection parameter, which is used to check if a node is
threatening to contact a slideline, was set as 0.01.
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Since contact problems using slidelines perform better with linear rather than
quadratic elements (FEA 1999), the model was constructed with triangular and
quadrilateral plane stress elements. The nonlinear analysis controlling parameters
were set as for the ring-on-ring testing (refer to section 3.4.3), except for the initial
load factor which was set as 0.001. This in accordance with recommendations for
small initial load factors with contact analysis given in (FEA1999).
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Figure 4.7 Pin and lug model
6mm thick steel plate with centrally placed
50mm diameter circular hole and a 49.9mm
diameter pin bearing in hole. (a)typical principal
stress contour plot (b) net stress concentration
factor Kte results and
(a)
The results of this preliminary
analysis, summarised in Figure 4.7,
show that the FE contact analysis
results are in good agreement (-1.5%
with 2056 elements) with the
physical and numerical tests carried
out by ESDU (1981). Furthermore, it
is shown that an irregular mesh
pattern for the pin provides a
sufficiently accurate model with a
substantial saving in computer time
(-2.4%with756 elements).
Another preliminary analysis was
carried out on the double lap
adhesive connection shown in Figure
4.8.
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rectangular steel plate
0.5mm thk. adhesive
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Figure 4.8 Adhesive double-lap assembly
The double-lap assembly has one axis of symmetry, it was therefore possible to adopt one half of the
assembly (shown in solid lines) for FE analysis. The FE model therefore consists of one 35x35x6mm thick
steel plate with a load P/2 applied as a uniformly distributed body force, a 35x35xO.5mm thick adhesive
film and a lOOx35x3mm glass plate with out of plane translational restraints on the face of the cut line.
A 20 elastic analysis was performed by applying a load of Pj2 = 25kN to the double
lap joint composed of perfectly elastic adhesive with a modulus of elasticity, E = 2857
Njmm2 and a Poisson's ratio v= 0.46.
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Figure 4.9 Adhesive 20 elastic model
results
Effect of mesh refinement on shear stress
distribution within adhesive film.
The scope of this 2D elastic
analysis was to verify the effect of
mesh refinement on the shear
stress distribution within the
adhesive film. To this end, three
models, composed of 1112, 586 and
492 elements, were analysed. The
resulting shear stress distribution
along the adhesive indicates that
there is little advantage gained from
mesh refinement (Figure 4.9).
Furthermore the peak adhesive
shear stress per unit load of 4.9 x
10-3 mm" is in good agreement with
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the peak adhesive shear stresses of 4.0 x 10-3 mm? to 5.7 x 10-3 mm- proposed by
Adams and Peppiatt (1974).
A 2D elasto-plastic FE analysis was
also carried out to verify the ability of
the FE model to portray the elasto-
plastic behaviour of the adhesive. In
the absence of adhesive stress-strain
data, reference was made to the work
of Harris & Adams (1984) and Hart-
Smith (1981) from where it was
concluded that a bi-linear elasto-
plastic relationship should provide a
good approximation to the adhesive
stress-strain curve. (Figure 4.10).
The shear stresses obtained from the
FE analyses indicate that the
adhesive is still fully elastic at 5kN
and becomes fully plastic at 25kN
(Figure 4.11). The elastic limit occurs
at a shear stresses of approximately
26 Njmm2 which is equivalent to the
45/--.13 Njmm2 dictated by the Von
Mises yield criterion (Boresi 1985).
The development of the plastic zone of
the adhesive originates at the
opposite end to the point of
application of the imposed load, P,
and close to the adhesive j glass
interface. The stresses are
progressively redistributed towards
the central parts of the adhesive joint
as the load increases (Figure 4.12).
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Figure 4.10 Adhesive stress-strain
relationships adopted
Upper and lower stiffness and elastic limits of
the adhesives selected: (a) Loctite Product 326 -
anaerobic urethane methacrylate, (b) 3M 2216
BI A - elastomer modified epoxy
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Figure 4.11 2D elasto-plastic shear
stresses within adhesive
Shear stresses within adhesive parallel to the
direction of application of load with increasing
distance in the opposite "direction of load
application. The horizontal section through the
adhesive is located at O.05mm from the glass I
adhesive interface (refer to figure 4.12).
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Figure 4.12 2D shear stress contours
Cross-section through the adhesive connection parallel to the applied load showing the shear stress
contours within the adhesive with increasing load P of (a) 5kN, (b) 10kN, (c) 15kN and (d) 20kN. The
figures show the development of the adhesive plasticity that occurs at the end of the adhesive joint and
the subsequent plastic flowtowards the more central areas of the adhesive.
Since it was envisaged that a full 3D analysis would be required to model the proposed
steel/ glass circular joints, a preliminary 3D FE analysis of this connection was also
carried out. The joint geometry and properties were identical to the above-mentioned
2D joint, with 3D linear pentahedral elements used in lieu of the triangular plane
stress elements. The results shown in Figure 4.13 compare reasonably well with the
2D results. The discrepancy between the two analyses may be attributed to the fact
that the 2D plane stress elements adopted in the 2D analysis support a Von Mises
failure criterion, whereas the 3D pentahedral elements support a Tresca failure
criterion (FEA 1999). Since the failure criterion of the adhesives is unknown and
because the adhesive models will be predominantly 3D, it was decided to use the
Tresca failure criterion in all subsequent analysis. This criterion also provides
conservative estimates of ultimate shear stresses with respect to the Von Mises
criterion.
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One of the advantages of an elasto-plastic adhesive, which is particularly important for
glass bonding, is that it does not create stress concentrations at high loads, but
redistributes the stresses over a
larger area. However, if an adhesive
undergoes large plastic deformations
before failure, it is generally accepted
that a maximum shear strain
criterion is more appropriate than a
maximum shear stress criterion for
portraying the failure of the adhesive.
In the absence of such adhesive data,
it was arbitrarily decided to deem the
adhesive joint has failed when the
plastic zone extended to more than V4
of the adhesive joint length. Thus, in
the case of this preliminary analysis,
the load bearing capacity for the 3D
adhesive joint would work out to be
between 15kN and 20kN (Figure
4.13).
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15kN
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Figure 4.13 2D and 3D elasto-plastic
shear stresses
Shear stresses within the adhesive at O.05mm
from the glass / adhesive interface for 2D and
3D FE models at various loads.
4.3.2 FE Modelling of the Steel/Glass connections
The conclusions drawn from the above mentioned preliminary analyses were adopted
in the FE models of the bolted and adhesive joints proper. The FE tests were carried
out to investigate the effect on the joint strength of each term in Equation 4.1 - i.e.
shape, edge/end distance and eccentricity ofload.
4.3.2.1 Shape
The aim of the first set of FE models constructed was to identify the most efficient
shape of the connection by studying the behaviour of a number of alternative shapes
thus quantifying the kshnpe term in Equation 4.1.
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The FE models of the bolted connections were constructed to compare the commonly
used countersunk bolt (Figure 4.14a) to the standard double shear through bolt
(Figure 4.14b) and to quantify the effect of pin-to-hole clearance and type of liner on
the stress distribution. To this end, the performance of two commonly used liners
(nylon and aluminium) was investigated and four pin-to-hole clearances ranging from
a snug fit of 0.2% to a very loose fit of 10%were analysed (Table 4.3).
(a)
42
liner
steel countersunk bolt
(b)
liner
steel through bolt
~ ~50~ ~~. ~50~ ~
Figure 4.14 Bolted connections
Dimensions used for FE modelling of (a) countersunk bolt and (b) through bolt connection both of which
make use of 1/4 th symmetry.
Table 4.3 FE analyses of bolted connections
A list of FE analysis of bolted connections carried out to investigate the effect of bolt
shape, bolt/hole tolerance and liner properties on the resulting principal stress
distribution
Model Type Liner Material Bolt / Hole
Tolerance
2D No liner 3%
32mm dia. through bolt 2D 2mm thick Nylon 3%
2D&3D 2mm thick Aluminium 0.2%, ,1%,3%,10%
32mm dia. countersunk bolt 3D 2mm thick Aluminium 3%
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tapered circular steel plate -
O.5mm thk. adhesive
35
'I
~ ~5~0 ~~ ~5~0 ~
Figure 4.15 Double-lap adhesive connections
(a)
(b)
(c)
(d)
Dimensions used for FE modelling of a 200xlOOx6mm glass plate with double-lap adhesive coin
connections at either end. The variations in coin and adhesive shape are (a) circular steel plate with
square edged adhesive, (b) tapered circular steel plate with square edged adhesive, (c)circular steel plate
with spew fillet adhesive terminations, (d) tapered circular steel plate with spew fillet adhesive
terminations. Allmodels make use of Ij8th symmetry.
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Subsequently, FE models of the double lap adhesive connections were constructed to
investigate the effect of the shape of the steel patch plate, adhesive termination details
(Figure 4.15) and the mechanical properties of the adhesive on the shear stress
distribution within the adhesive and the principal tensile stress distribution on the
glass surface.
Table 4.4 FE analyses of adhesive connections
A list of adhesive connections FE analyses carried out to investigate the effect of coin
shape, adhesive termination detail and adhesive properties on the resulting principal
stress distribution. Elasto-plastic 1 adopts the stiffer (E = 2857N/rnm2) stress strain
relationship while Elasto-plastic 2 adopts the softer adhesive (E = 352 N/rnm2) as
shown in Figure 4.10.
Model Type Adhesive Model Adhesive
Thickness
Adhesive Square 3D Elasto-plastie 1 0.5mm
CJ - 'i
~
Adhesive eire 1 3D Elasto-plastie 1 & 0.5mm
[ J ~ Elasto-plastie 2
~ I
Adhesive eire 2 3D Elasto-plastie 1 & 0.5mm
c::~
~
Elasto-plastie 2
~
Adhesive eire 3 3D Elasto-plastie 1 & 0.5mm&
j~l Si Elasto-plastie 2 spew fillet
~
Adhesive eire 4 3D Elasto-plastie 1 & 0.5mm&
~
~~ Elasto-plastie 2 spew fillet
~
L :.:a.
I
All the 3D bolted and 3D adhesive FE models were constructed from linear hexahedral
(8-noded) and pentahedral (6-noded) plane stress elements, examples of which are
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shown in Figure 4.16 and Figure 4.17. The contact analysis settings for the bolted
connections and the materially non-linear settings for the adhesive connections were
derived from the preliminary analysis (refer to section 4.3.1).
Figure 4.16 Countersunk bolt FE model
The FE model of a countersunk bolt constructed from linear hexahedral and pentahedral elements. The
model is a 1j 4th representation of a 6mm thick glass plate with a countersunk bolt at either end of the
glass plate. The supports along the longitudinal cut line through the plate are not shown for clarity. The
load PI2 is shown indicatively as this was applied as a uniformly distributed body force to the steel
countersunk bolt. The exact dimensions of the FE model are shown in Figure 4.14.
Figure 4.17 FE model of Double-lap adhesive connection
The FE model of a tapered steel coin with square edged adhesive constructed from linear hexahedral and
pentahedral elements. The model is a Ij8th representation of a 6mm thick glass plate with adhesive
connections at either end and on both faces of the glass plate. The supports along the longitudinal cut
line and the glass mid surface are not shown for clarity. The load PI4 is shown indicatively as this was
applied as a uniformly distributed body force to the steel circular plate. The exact dimensions of the FE
model are shown in Figure 4.15.
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In order to save computer time, a 20 FE model of the through bolt was constructed
using quadrilateral and triangular plane stress elements. The results from this 20
model showed excellent agreement with the equivalent 30 FE analysis of the through
bolt. It was therefore decided to adopt the 20 model for the subsequent analysis of
the through bolted connections.
Figure 4.18 20 bolted connection
2D FE model of through bolt constructed from quadrilateral and triangular plane stress elements.
4.3.2.2 Edge & End
The edge and end numerical investigations were carried out to assess the effects of
edge and end distances, as well as glass plate termination details on the resulting
major principal stress distribution. These effects represented by the kedge/end term in
Equation 4.1 were carried out for both bolted and glued connections. (Figure 4.19 and
Figure 4.20).
(a) (b)
Figure 4.19 Geometry of bolted connections
Geometry of bolted connections used to determine edge and end effects of (a) edge connection and (b)
corner connection.
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(a) (b)
Figure 4.20 Geometry of adhesive connections
Geometry of adhesive coin connections used to determine edge and end effects of (a) edge connection and
(b) comer connection.
The standard 2D FE model of the double-shear bolted connections was modified
geometrically to result in the array of end distance/plate width ratios, clH, and hole
diameters, d, shown in Table 4.5. The tolerance 81 d was kept constant at 3% and the
glass plate thickness was set at 6mm for all runs.
Table 4.5 FE runs for edge and end investigations
FE analysis of bolted and adhesive connections carried out to determine the
effect of edge and end distances.
c/H Type Holediameter d (mm) - Coin Diameter d (mm) -
Bolted connections Adhesive connections
SO/lOO edge 25,35,45,60,80 35,60
lOO/ISO edge 25,35,45,60,80 25,35,45,60,80
100/100 edge 25,35,45,60,80 35,60
100/500 edge 35,45,60,80,100 35,60
SO/71 corner 25,35,45,60,80 35,60
100/141 corner 25,35,45,60,80 35,60
The circular tapered steel coin without spew fillets and with a O.5mm thick adhesive
shown in Figure 4.15b and Figure 4.17 was adopted for the double lap adhesive
connections. Since this 3D FE model is expensive in terms of computer time the
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number of FE runs were kept to a minimum (Table 4.5). Furthermore, an additional
FE model with a circular flat steel coin (Figure 4.15a) was constructed to provide
predictions for the double lap adhesive experimental investigation discussed in section
4.4.
4.3.2.3 Eccentricity
A small number of FE runs were carried out to investigate the effect of load
eccentricity on the stress distribution on the glass surface and within the adhesive
layer. These effects represented by the kecc term in Equation 4.1 were carried out for
adhesive connections with a flat steel coin only. (Figure 4.21a).
1.5mm x 1.5mm adhesive fillet
6mm thk. glaaa .-
circular _1 plate
O.5mm thk. adhesive
100 100 .1
(b)
Figure 4.21 Geometry and FE model of single-lap adhesive connections
FE model of single lap adhesive connections. This model was used for investigating the effect of load
eccentricity on the stress distribution. Showing (a) the geometry of single-lap adhesive connections and
(b) the FE model with load and support conditions. The supports along the longitudinal cutline through
the plate are not shown for clarity. The load P/2 is shown indicatively as this was applied as a uniformly
distributed body force to the steel circular plate. Different eccentricities, ec, were achieved by varying the
thiclmess of the steel coin.
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The FE model for the single-lap adhesive connection makes use of 1j4th symmetry.
This differs from the 1j8th symmetry adopted for the double-lap FE models and results
in the modelling of the full glass plate thickness and the removal of the lateral
supports along the horizontal cut line (Figure 4.21b).
The eccentricity, ec, was the only variable in these FE analyses and was set at 4mm,
6mm, 9mm and 12mm resulting in an eelt ratio of 2/3, 1, 3/2 and 2 respectively.
4.3.3 Finite Element Results and Observations
The major principal stresses in the glass located around the hole perimeter or
adhesive perimeter were obtained from the respective FE results files. The
major principal stresses were plotted on 360° radar graphs in which the
direction of load is at the 1800mark. An example of which is shown in Figure
4.22.
LOAD
-+-2SkN
-2OkN
-1SkN (b)
-1OkN
-SkN
Figure 4.22 Typical radar graph
(a) The orientation of the connection with the bearing end of the bolt at the 1800 mark (b) Major principal
stresses around the hole perimeter for the 32mm diameter through bolt with an aluminium liner (shown
in Figure 4.14b) at 5kN increments. Tensile stresses shown as positive and compressive stresses as
negative.
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4.3.3.1 Shape Results
The FE analysis results of the through bolt and the countersunk bolt, whose
dimensions are set out in Figure 4.14, indicate that the countersunk bolt
causes an uneven stress distribution across the thickness of the glass (Figure
4.23). This disparity in stress distribution is caused by the change in angle
between the bolt shank (slice 1) and the flared countersunk head (slice 2).
These maximum principal tensile stress at the shank position of the
countersunk bolt (slice 1) is 13% higher than the maximum principal tensile
stress at the countersunk head (slice 2) and nearly 2% higher than that
imposed by the through bolt. These maximum stresses occur between 107° and
113°, or between 67° and 73° from the direction of application of the load.
--+- through bolt· nylon
liner
---- through bolt
aluminium liner
-,._ through bolt - no
liner
--+-- countersunk bolt
slice 2
Figure 4.23 Stresses around bolt hole perimeter
Major principal stresses around the bolt hole for the 32mm diameter countersunk bolt with no liner and
the 32mm diameter through bolt with no liner, nylon liner and aluminium liners.
The higher principal tensile stresses caused by the countersunk bolt at the
bolthole perimeter were also observed further away on the surface of the glass
(Figure 4.24).
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Figure 4.24 Stress distribution with
increasing distance from bolt hole
Major principal tensile stresses for 32mm
diameter countersunk bolt with no liner and
32mm diameter through bolt with no liner,
nylon liner and aluminium liners (P= 25kN).
The mechanical properties of the
liners used seem to have a
negligible effect on the magnitude
of the maximum tensile stresses.
The main advantage of using the
softer nylon liner is the
substantial reduction and better
of the bearing
The
distri bu tion
compressive stress.
maximum principal compressive
stress imposed by nylon and
aluminium liners are 59% and
92% respectively of that caused
by direct bearing of the steel
through bolt.
The effect of bolt-to-hole clearance, e, on the major principal stress
distribution is shown in Figure 4.25. The clearances investigated range from a
snug fit of 0.2% to a very loose fit of 10%.
e-H)% at 25kN
• e-3% at 25kN
• e=l%at25kN
• e-Q.2% at 25kN,~~t*13E90° -.--e=10% at 10kN
~ e=3% at 10kN
---e=l% at 10kN
_,.- e= 0.2% at 10kN
1O%-3.5mm
3%= Imm
1%=0.35mm
0.2% = 0.07mm
Figure 4.25 Stresses around bolt hole perimeter with varying tolerances
Major principal stresses for 32mm diameter through bolt with varying tolerances, e, as a ratio of hole
diameter, d, at lOkN and 25kN.
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The smaller tolerances of 3%, 1%
and 0.2% result in a principal
tensile stress that is 98%, 94%
and 83% respectively of that
resulting from a 10% clearance.
However, the main advantage of
adopting a smaller clearance is the
substantial reduction in
compressive stress at the bearing
end of the hole. It IS also
interesting to note that a tighter
fit causes the maximum principal
tensile stress position to shift
away from the direction of the
applied load.
The FE analyses results for the
adhesive connections (Figure 4.26)
indicate that the tensile stresses
imposed on the glass are
su bstan tially lower than those
encountered In the bolted
connections. Furthermore, the
tapered circular connection shown
in Figure 4.15b produces tensile
stresses of similar magnitude to
those of an equivalent area square
connection and in the order of
95% of the straight edge circular
plate shown in Figure 4.15a.
The use of an adhesive with a lower
modulus of elasticity has the effect
of reducing the peak tensile stresses
at the perimeter of the adhesive and
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Figure 4.26 Glass surface stresses with
increasing distance from
centre of adhesive
Major principal tensile stresses on glass surface
for 35m.m diameter circular coin-adhesive
connection and equivalent area square patch-
adhesive connection as shown in Table 4.4
(p= 25kN).
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Figure 4.27 Maximum shear stresses
within the adhesive
Major shear stresses within the adhesive layer at
O.05m.mfrom the glass surface. Shear stresses
are shown for the 35m.m diameter circular coin-
adhesive connections and an equivalent area
square patch-adhesive connection as given in
Table 4.4 (P= 25kN).
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redistributes these to the central areas of the adhesive. This outcome is more
evident in the shear stresses within the adhesive shown in Figure 4.27.
Furthermore, it was observed that the position of the maximum principal
tensile stress occurs at the perimeter of the adhesive and within ± 1650 from
the direction of the application of the load.
The FE models of the adhesive connections with the spew fillets produced
unrealistic results or failed to converge. It was therefore decided to remove the
adhesive fillet detail from all subsequent FE analysis.
STRESS
STRESS
CONTOURS CF 'tX'l'
.. 12.5
2.'
25
s
31.5
1.'
50
1. 82.5
12.5
1.
1. 87.5
17.5
,..
Figure 4.28 Adhesive stresses
Major shear stress contours (N/mm2) through
adhesive resulting from the 35mm diameter steel
coin without adhesive fillets at O.5mm from the
glass-adhesive interface shown at load P = (a)
5kN, (b) 10kN, (c) 15kN, (d) 20kN, (e) 25kN.
Tensile stresses are shown as positive.
Figure 4.29 Glass surface stresses for
adhesive connection
Major principal tensile stress contours (N/mm2)
on glass surface resulting from a 35mm diameter
tapered steel coin without adhesive fillets (circ2)
at load P = (a) 5kN, (b) lOkN, (c) 15kN, (d) 20kN,
(e)25kN. Tensile stresses are shown as positive.
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4.3.3.2 Edge & End Results
Figure 4.30 shows typical principal stress contours for the bolted corner
connection obtained from the FE analysis of the models outlined in Table 4.5
and Figure 4.19.
(a) (b)
(d) (e)
(c)
STRESS
CONlOURS OF a1
P/2
Figure 4.30 Glass surface stresses for corner bolted connection
Major principal stress contours on glass surface resulting from 58.2mm diameter steel through bolt
connection in a 60mm diameter glass hole with load P = (a) 5kN, (b) lOkN, (c) 15kN, (d) 20kN, (e) 25kN.
Where P is the load in the bolt applied as a uniformly distributed body load over the bolt cross-sectional
area. Stresses are in Njmm2 with tensile stresses shown as positive. Dimensions of connection are shown
in Figure 4.19 and Table 4.5.
It was possible to overlay the major principal stresses obtained from the FE
analyses of the bolted connections onto those obtained from the FE analyses of
the adhesive connections. The resulting radar graphs (Figure 4.31) indicate
that a reduction in edge and end distances produces an increase in maximum
principal tensile stresses. This phenomenon is also observed with a reduction
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in bolt hole diameter, however when the edge distance and the bolt hole
diameter are of comparable size, increasing the bolt hole diameter may be
counter productive due to the reduction in glass cross-sectional area.
D·
(a)
Shift in position of
maximum principal
tensile stress with
increasing d/H.
180·
D·
(c)
180·
Figure 4.31 Stresses around bolt hole / adhesive perimeter
-.-d=25mm
.-d= 35mm
-_d=45mm
-o__d=6Omm
-_d=8Omm
d= lOOmm
....... Adhesive d=6Omm
....... Adhesive d=45mm
....... Adhesive d=35mm
(b)
~d~25mm
~ d=35mm
- d=45mm
-+-d= 60mm
-.-d=8Omm
....... Adhesive d=60
(d)
Major principal tensile stresses for bolted and adhesive connections edge connections with (b) clH =
100/150 and (d) clH= 100/100. The geometry of the adhesive and bolted connections are shown in (a)
and (c) respectively. The full list of FE analyses performed on edge and end variations is shown in Table
4.5.
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It is also interesting to note that
by increasing d/H the position of
the maximum principal tensile
stresses shifts towards a position
which is perpendicular to the
applied load (Figure 4.31b).
The major tensileprincipal
stresses decrease as the distance
from the bolt hole edge increases.
From the analysis of the peak
stress results shown in Figure
4.32, it is apparent that an
optimum hole adhesiveand
diameter exists for a given edge
and end distance.
Furthermore in all of the edge
and end distances investigated,
the maximum principal tensile
stresses caused by a double-lap
adhesive connection were
between 31% and 58% of the
stresses resulting from the
corresponding double shear
bolted connection.
This observation, together with
the aforementioned notion of an
optimum hole and adhesive
diameter, is best observed by
plotting the peak tensile stress
for the various d/H ratios
appraised (Figure 4.33).
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Figure 4.32 Stress distributions with
distance from the centre of the connection
Major principal tensile stresses for bolted and
adhesive connections edge connections with (a) c/H
= 100/100 and (b)c /H = 100/150 . The geometry of
the adhesive and bolted connections are shown in
(a) and (b) respectively. The full list of FE analyses
performed on edge and end variations is shown in
Table 4.5.
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Figure 4.33 Effectof connection size on maximum stresses
Effect of connection diameter to glass width ratio (d/H) on the maximum surface tensile stress FE results
for a series of bolted and adhesive connections with a 25kN load.
4.3.3.3 Eccentricity Results
The single-lap adhesive FE runs
failed to converge for an applied
load of 25kN. This inability to
determine the load
/ displacement path occurred as
the load increments approached
the 20kN mark. Investigation of
the last converged increment
revealed that most of the
adhesive had yielded and was
undergoing large plastic
deformations. This plasticity is
In good agreement with the
manual preliminary analysis
summarised in Table 4.2. It
was therefore decided to
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Figure 4.34 Stress distribution for
eccentric connections
Major principal surface tensile stresses for single-lap
adhesive connections with (a) C/H = 100/150 and
increasing edt ratios. These are"compared to the major
principal tensile stresses for double shear bolted and
double-lap adhesive connections with C/H = 100/150.
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reduce the load to P = 12.5kN.Typical results of these analyses are shown in Figure
4.34 and Figure 4.35.
_,.- Bolted d = 60mm
• Double lap adbesive
__,,_-Single lap adb e=O.67
- .....Single lap adb e= 1
0- Single lap adb e= 1.5
-+-. Single lap adb e=2
(b)
Figure 4.35 Stresses around bolt hole/adhesive perimeter for eccentric connections
Major principal tensile stresses around the connection perimeter for single-lap adhesive connections with
c/H = 100/150 and increasing eelt ratios. These are compared to the major principal tensile stresses for
double shear bolted and double-lap adhesive connections with c/H = 100/150. All data points have been
obtained from FE analysis with a load of P=12.5kN. The geometry of the eccentric adhesive connections
are shown in [a].
The eccentric connection results reveal that the tensile stress in glass increases with
increasing eccentricity. By doubling the eccentricity/thickness ratio, eelt, of the
modelled assembly the tensile stress in the glass increased by 66%. More importantly,
the glass surface tensile stresses resulting from the eccentric connections were
considerably larger than those observed in of the double-lap adhesive and the double
shear bolted connections. In order to compare the structural efficiency of these
connections one must consider that in the double-lap connections the applied load P
is effectively being resisted by double the area of adhesive of that of the single-lap
connections. By taking this doubling up factor into account, the lowest eelh ratio still
produces glass surface stresses close to three times the magnitude of the double-lap
adhesive connections and 1Y2 times the stresses produced by the double shear bolted
connection.
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This dramatic increase in stresses is clearly the result of the bending component
introduced by eccentric arrangement of the assembly. The bending is clearly visible in
the deformed mesh plot shown in Figure 4.36.
Figure 4.36 Deformations caused by eccentric connections
Magnified (x2.5) deformation plot of single-lap adhesive assembly with e=6mm (ejh =1) with an applied
load of p=12.5kN. The supports along the longitudinal cutline through the plate are not shown for clarity.
The load P/2 is shown indicatively as this was applied as a uniformly distributed body force to the steel
circular plate.
4.3.4 Comments and Predictions
4.3.4.1 General Comments
From the FE analysis and corresponding results presented in section 4.3.2 and
4.3.3, it is possible to conclude that:
(i) For the bolted connections investigated, the tight fit through bolt with a
nylon liner results in the lowest major principal tensile stress. The
optimum hole diameter depends on the end and edge distances adopted.
For a clH = 100/150 the optimum hole diameter is approximately 60mm.
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(ii) For the adhesive connections investigated, a tapered-edge circular coin
with a low modulus of elasticity adhesive produces the lowest major
principal tensile stress. However, the strength of the connection
depends on the yield strength of the adhesive. It may be therefore more
advantageous to opt for a stiffer adhesive with a higher yield strength.
The optimum diameter for a clH=100/ 150 was found to be around
65mm.
(iii) All double-lap adhesive connections investigated produced substantial
lower tensile stresses in the glass when compared to the corresponding
bolted connections. This is in good agreement with the preliminary hand
calculations carried out in section 4.2.
(iv) The single-lap adhesive connections produced very high tensile stresses
in the adhesive and the glass. The load at which yielding of the adhesive
occurs is in good agreement with the yield load obtained from the
preliminary hand calculations, however, the stresses resulting from the
analysis are sensitive to the adhesive mechanical properties. From the
comparison between these stresses and those obtained for the concentric
connections shown in Figure 4.35, it is possible to conclude that the
eccentricity should be kept to an absolute minimum.
4.3.4.2 Glasstress Program
The comparisons carried out so far were based on the maximum principal
tensile stress, on the distribution of tensile stress along a given section
through the glass plate and on visual comparison between the resulting tensile
stress contours. These parameters are generally useful for assessing the
approximate relative efficiency of these connections. However, since the
strength of glass is based on a weighted average of all the surface tensile
stresses, such comparisons do not provide accurate predictions of the failure
load of the respective connections (section 3.2.2 and Appendix B). It is possible
to adopt the General Crack Growth Model developed in Chapter 3 by
subdividing the surface area, A, of the glass into small areas, dA, of
approximately equal principal stress, Ornax, and subsequently summate the
contribution of these areas to derive the equivalent uniform stress, ap, as given
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in Equation 3.8. This procedure is accurate but clearly unattractive for
manual computation.
A computer program called Glasstress was therefore developed by the author to
determine the equivalent uniform stress, Up. The program is written in Visual
Basic Computer Language and works off the results of the Lusas Finite
Element Analysis results files. Input to the computer consists of the co-
ordinates of the surfaces to be analysed. Glasstress conveniently calculates the
surface area, dA, and average principal tensile stress, Umax, for each element of
the FE model. The equivalent uniform stress, Up, for the whole surface is
calculated automatically in accordance with Equation 3.8 and elements that
are subjected to a compressive stress are eliminated from this summation. The
program also creates a spreadsheet containing a detailed breakdown of these
calculations and a summary of the entire surface analysed. Glasstress is
capable of handling a variety of commonly used elements ranging from 3-noded
triangular elements to 20-noded brick elements. A listing of the computer
program together with a sample of the computer output are shown in Appendix
D.
The effectiveness of Glastress is that it combines FE analysis - the most
popular continuum analysis method, with the current theories of glass
strength. The effective uniformly applied stress, Up, obtained from this program
may then be adopted in the Equation B.4 or design chart provided in Appendix
B to the structural adequacy of a glass member.
4.3.4.3 Strength Predictions
The FE models used for the failure predictions of the bolted and adhesive
connections were similar to those discussed in section 4.3.3.2 and 4.3.3.3 with
minor geometrical modifications to reflect the proposed test specimens shown
in section 4.4.2. The main modifications consisted of a clearance of 1.2Smm
(2.1%) and a liner thickness of O.7Smm for the bolted connection and a flat
steel coin for the adhesive connection.
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After the FE analysis was performed, Glasstress was used to determine the
effective uniformly applied stress, (jp, for each load increment Pi of 5kN. The
effective uniformly applied stress was converted to a cumulative probability of
failure by using Weibull's equation:
(4.2)
Where k and m are the surface strength parameters adopted by the General
Crack Growth Model proposed in section 3.2.2, with k = 5.1 X 10-57 m" Pa-73
and m = 7.3; A is the surface area of the full specimen and, (jp, is the effective
stress obtained form the Glasstress program.
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Figure 4.37 Failure strength predictions
Failure strength predictions for bolted and adhesive connections using the maximum stress approach
and the FE results shown in dotted lines and using FE results and Glasstress shown in solid lines.
It is therefore possible to plot the cumulative probability of failure vs. the
corresponding 60s equivalent load as shown in Figure 4.37. From these failure
load predictions, it is possible to conclude that if a sufficiently strong adhesive
is found, the proposed double lap adhesive specimen should be 2.6 times
stronger that the double shear bolted specimen.
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Figure 4.37 also shows a PDF for the bolted specimen, which has been
formulated without using the Glasstress program and is therefore based on the
maximum tensile stress rather than on the equivalent uniform O"p. This
simplification translates to an over design of around 60%.
By inspection of equation 4.2 it
is possible to conclude that the
most efficient connection is the
one that induces a uniform
tensile stress on the glass
surface. Thus with a 150mm x
6mm glass plate and a 25kN
load the optimum connection
should impose a uniformly
applied effective stress of 27.8
Njmm2.
that,
Figure 4.38 shows
unlike the bolted
connections, the double-lap
adhesive assemblies converge
to this optimum value.
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Figure 4.38 Effectivestresses
Equivalent uniform O"p for bolted and adhesive
connections using FE results and the Glasstress
program as a direct measure of the efficiency of
the connection.
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4.4 EXPERIMENTAL INVESTIGATION
Experimental work was undertaken to identify a suitable steel/glass adhesive and to
validate the predictions made using the general crack growth model and the
Glasstress program presented in section 4.3. Moreover, the fabrication and assembly
of the specimens was as much part of the experimental work as the tests that were
performed on them.
4.4.1 Test Specimens
The performance of the adhesives was determined by the tension loading of adhesively
bonded steel to glass single-lap specimens (Figure 4.39).
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Single-lap adhesive test set-up
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The best performing adhesive in terms of strength, strain to failure and type of failure
was then used in double-lap steel to glass tests (Figure 4.40) and compared to the
performance of double-shear bolted specimens (Figure 4.41). In all, 15 single-lap
adhesive tests were performed. These were followed by 5 double-lap adhesive tests
and 13 double-shear bolted tests.
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~
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'"....
3. Steel plate 5Ox5Ox6mm
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~
2mm dia. weep hole
\\ I
61mm dla. clrculat notch
'c, t /'~--.// on adhesive side
'"....N
3. Steel plate 5Ox50x6mm
fillet welded to plate 1
-[
test grips
Figure 4.40 Double-lap adhesive test set-up
During the preliminary testing carried out to determine a suitable fabrication
procedure it became apparent that the Holdtite Acroflex ST17 adhesive was not
bonding well to the glass. When contacted by the author, the manufacturers
suggested that the A 64 SP activator had expired and a new activator was dispatched.
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However, the new activator produced similar poor bonding to the glass. The
manufacturers also supplied an alternative two-part acrylic adhesive - Holdtite
Acroflex ST3295. The Acroflex ST3295 produced substantially improved bonds to
both glass and steel. Itwas therefore decided use the Holdtite AcroflexST3295 in lieu
of the Holditite ST17 adhesive. Furthermore, it was not possible to procure the elBA
Araldite 2020 adhesive in time for the testing.
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Figure 4.41 Double shear bolted test set-up
A summary of the specimens tested is shown inTable 4.6.
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Table 4.6 Summary of adhesive and bolted connections tested.
Specimen No. Specimen Type Adhesive / Bolt Characteristics
SL_AHDT_1 6mm thick tempered glass Holdtite Acroflex ST3295
to connected to a 6mm thick steel plate Two part toughened acrylic
SL_AHDT_5 by a single-lap adhesive
-----_.--- ---
SL_ALOC_1 Loctite Product 326
to clitto Anaerobic modified acrylic
SL_ALOC_5
SL_E3M_1 3M Scotch Weld 2216 B/A
to clitto Two part modified epoxy
SL_E3M_5
----------- _.
DL_AHDT_1 6mm thick tempered g1ass Holdtite ST3295
to connected to a 6mm thick steel plates Two part toughened acrylic
DL_AHDT_5 by a double-lap adhesive
DL_BL1_1 6mm thick tempered g1ass SBmm dia, steel pin in 60mm dia, hole
to connected to a 6mm thick steel plates with O.35mm thick PrFE liner
DL_BL1_7 by a double-shear bolted
DL_BL2_1 SBmm dia, steel pin in 60mm dia, hole
to clitto with O.36mm thick brass liner
DL_BL2_6
4.4.2 Preparation of specimens and testing procedures
The 400mm x 150mm x 6mm thick glass specimens were cut from sheet stock with a
cutting wheel. The holes required for the bolted test specimens were drilled with a
hollow bit simultaneously from both sides. All edges were chamfered and the glass
was tempered to BS 6206 class A. The specimens were visually inspected prior to
testing for observable defects. The thickness of each specimen was determined by
taking four measurements, one at the middle of every edge, with a digital veneer scale.
The 6mm thick steel plates were fabricated from annealed steel (black bar) in order to
avoid warping after machining. The adhesive face of the steel plate was flattened
using a fly cutter fitted on a milling machine. The holes and circular grooves were
made with a hole cutter on a pillar drill. The adhesive face was smoothened further
with a hand-held sander. A digital surface roughness meter was us.ed to measure the
surface roughness of representative specimens. The readings ranged from 1.44 to
2.86~RA.
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The steel and glass plates used in the
adhesive assemblies were degreased
with the degreasers supplied by the
respective adhesive manufacturers
(refer to Table 4.1). Each steel plate
was then placed in the assembly jig
shown in Figure 4.42.
instructions and left to dry for two
hours at 23°C.
The respective pnmer was applied the
steel surface and the glass surface in
accordance with manufacturer's
The 3M 2216 B/A epoxy and the
Holdtite ST 3295 acrylic were mixed by
hand and poured from the mixing
surface onto the steel adhesive area
and spread evenly with a plastic
spatula. The single-part Loctite 326
acrylic was applied directly to the steel
adhesive area and was allowed to
spread under its own flow.
Figure 4.42 Assembly jig
Plywood jig used for the assembly of the
adhesive bonded specimens.
A 2mm thick rubber o-ring was fitted in the groove of the 3M 2216 B/A epoxy
assemblies. Two 10kg weights were placed over the freshly assembled connection
over the location of the adhesive joint thus compressing the o-ring by O.25mm and
resulting in an epoxy thickness of O.5mm. The excess adhesive oozed out of the weep
hole provided in the steel plate. Noo-rings were fitted to the Holdtite ST 3295 and the
Loctite 326 and intimate contact of the steel and glass surfaces was ensured by
placing two 10kg weights over the freshly assembled joint. The excess adhesive was
partially discharged through the weep hole and the remaining excess adhesive flowed
into the circular notch in the steel plate. However, the notch was only partially filled
and therefore the excess adhesive does not contribute to the adhesion between the
steel and the glass.
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The timber jig was disassembled without moving the specimen. The 3M 2216 B/A
epoxy was left to cure for 48hours before testing. The Holditite ST 3295 and the
Loctite 326 acrylics were cured for 24 hours. All curing was made at temperatures
ranging from 22°C to 25°C.
In order to inspect the glass fracture pattern after failure, a thin transparent self-
adhesive film was applied to one side of the glass specimen. The adhesive film was not
considered to affect the failure loads of the glass since the contribution to the axial
and bending stiffness of the glass specimen is negligible and failure was expected to be
caused by local surface stresses on the opposite face of the glass.
A total of five glass specimens, one of each set of assemblies with the exception of the
double-lap adhesive assemblies, were strain gauged by means of two Micro
Measurements 120 {}strain gauges (CEA-13-125UN-120) with a 2.11 gauge factor and
wired in quarter bridge arrangement. The specimen was placed in a 500kN screw
threaded Satec universal testing machine fitted with steel jaws within the loading table
and the crosshead. Calibrated LVDTtransducers were positioned to measure lateral
and in-plane movement of the specimens (Figure 3.49, Figure 3.50 and Figure 3.51)
and connected to an RDPmodular 600 LVDTamplifier.
The specimen was loaded at 2mm/min from OkNto 4kN, to ensure biting of the jaws.
The rate of crosshead movement was then reduced to 0.5mm/min. The voltages from
the load controller, the strain gauges and deflection transducers were recorded on an
external Solartron data logger SI 353D connected to a personal computer running on a
Windows operating system. The data logger was programmed to take a voltage reading
corresponding to load, deflection and strain every second. After failure, the location of
the point of failure was noted and a digital photograph of each specimen was taken.
4.4.3 Test results
The results of the 15 single-lap adhesive tests used to select the best adhesive and the
subsequent 18 double-lap adhesive and bolted tests are reported in this section. A
summary of these results is given in Table 4.7 and Table 4.8.
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Table 4.7 Summary of single-lap adhesive test results
Experimental results of steel/tempered glass single-lap adhesive joints. AWC -
Loctite 316 single part acrylic; E3M - 3M two part modified epoxy; AHDT- Holdtite
ST 3295 two part acrylic. GF - glass failure; AF - adhesive failure; CF - cohesive
failure (as described in section 2.4.5).
Specimen Mean New Failure Elongation Load Surface Failure
No. Thickness Width Load @Failure Duration Stress Mode
(mm) (mm) (kN) (mm) (s) (N/mm2)
SL__ALOC_l 5.92 149.9 30.0 - 825 - GF
SL__ALOC_2 5.88 150.4 31.1 1.46 602 35.9 GF
SL__ALOC_3 5.91 150.0 21.7 1.32 560 - AF
SULOC_4 5.90 149.8 35.8 1.68 561 - AF
SL__ALOC_5 5.88 150.6 16.8 0.96 410 - GF
SL_E3M._l 5.93 150.3 18.4 1.64 695 45.3 AF
SL_E3M..._2 5.90 149.8 15.3 1.41 420 - CF
SL_E3M_3 5.91 150.2 17.9 1.84 817 - CF
SL_E3M_4 5.90 150.0 17.0 1.66 654 - GF
SL_E3M._5 5.89 150.4 15.9 - 635 - CF
SL__AHDT_l 5.93 150.7
..
42.8 2.11 862 45.5 CF
SL_AHDT_2 5.89 150.5 44.4 2.13 828 - CF
SL__AHDT_3 5.94 150.3 33.2 1.85 986 - AF
SI....AHDT_4 5.91 150.4 39.4 2.22 952 - CF
SL__AHDT_5 5.90 150.5 36.1 2.07 1024 - CF
Table 4.8 Summary of double lap adhesive & bolted test results
Experimental results of steel/tempered glass double-shear bolted joints and double-lap
adhesive joints. BL1 - Bolted connection with O.35mm thick PrFE liner; BL2 - Bolted
connection with O.35mm thick Brass liner; AHDT - Adhesive connection with Holdtite 3295
two part acrylic. GF - glass failure; AF - adhesive failure; CF - cohesive failure.
Specimen Mean Mean Hole dis. Failure ~ Load Surface Failure
No. Thickness Width (Top/Bottom) Load @Failure Duration Stress Mode
(mm) (mm) (mm) (kN) (mm) (s) (N/mm2)
DL_BL1_1 5.91 150.2 60.2/60.2 31.6 7.74 1278 - GF
DL_BL1_2 5.90 150.2 60.2/60.1 28.7 4.16 702 - GF
DL_BL1_3 5.90 150.5 60.2/60.2 30.1 3.93 838 - GF
DL_BL1_4 5.91 150.2 60.2/60.3 32.3 4.05 896 - GF
DL_BL1_5 5.90 150.5 60.3/60.1 26.6 4.57 1092 - GF
DL__BL1_6 5.96 150.5 60.2/60.1 31.3 5.57 918 - GF
DL_BL1_7 5.92 150.4 60.2/60.0 29.4 3.82 782 117/109 GF
DL_BL2_l 5.89 150.2 60.0/60.0 25.0 3.82 711 - GF
DL_BL2_2 5.90 150.8 60.2/60.1 28.7 3.40 705 - GF
DL_BL2_3 5.89 150.2 60.2/60.2 28.3 2.90 614 - GF
DL_BL2_4 5.90 150.4 60.2/60.2 32.3 4.05 896 - GF
DL_BL2_5 5.90 150.5 60.2/60.2 28.9 4.17 581 114/114 GF
DL_BL2_6 5.91 150.2 60.2/60.2 12.6 2.27 543 - GF
----- __ .- f--------- r--~--- 1------- ~ ._ ..__
DI....AHDT_1 5.90 149.9 - 89.5 0.68 1521 - GF
DL__AHDT_2 5.90 149.5 - 92.1 0.58 1114 - GF
DL_AHDT_3 5.90 150.2 - 32.9 1.86 985 - GF
DL_AHDT_4 5.89 150.4 - 78.3 1.02 952 - GF
DL__AHDT_5 5.89 150.0 - 79.9 0.78 1236 - GF
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4.4.3.1 Failure Mode
A representative selection of the observed failure modes is shown in Figure 4.43 and
Figure 4.44.
, r L H ,; J(.() 2
Figure 4.43 Single-lap adhesive failure modes
Observed failure modes for single-lap adhesive specimens were classified into (a) adhesive failure,
(b)cohesive/adhesive failure and (c)glass failure.
(a)
(b)
(c)
(a)
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Figure 4.44 Double-shear bolted failure modes
(b)
Observed failure modes for bolted specimens for (a) PTFE liner and (b) brass liner.
4.4.3.2 Load/Time Results
Typical axial load vs. time graphs resulting from a displacement controlled
loading are shown in Figure 4.45.
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4.4.3.3 Load/Deflection Results
The axial load/ adhesive shear
deformation results obtained from
LVDT transducer output of the
single-lap adhesive tests are shown
in Figure 4.46.
The respective lateral displacements
of the above single-lap adhesive
joints are shown in Figure 4.47.
50
-E3M_1
-E3M_2
-E3M.._3
~- -E3M_S
~
V~
50
>
II
L
I
'/
V~
-AWC_2
-AWC_3
-AWC_4
-AWC_S
40
10
o
o 0.5 2 2.5
40
10
o
o 0.5 1 1.5 2 2.5
-AHDT_1
-AHDT_2
-AHDT_3
1 1.5
Adhesive Shear Deformation (mm)
(a)
o 1.5 2
AHDT_4
-AHDT_S
Adhesive Shear Deformation (mm)
(b)
Figure 4.46
0.5 1
Adhesive Shear Deformation (mm)
(c)
Load vs. single-lap adhesive shear deformation
2.5
Axial load vs. adhesive shear deformation plots for single lap adhesive assemblies with (li) 3M Scotch Weld 2216
BIA epoxy (a) Loctite product 326 acrylic and (c) Holdtite ST 3295 acrylic.
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Figure 4.48 represents the load vs.
adhesive shear deformation plots for
the double-lap adhesive tests and
Figure 4.49 represent the elongation
of the bolted specimens.
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Vertical load vs. adhesive shear deformation plots for double-shear bolted assembly with (a) PfFE liner
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4.4.3.4 Load/Stress Results
The load vs. glass surface stress results obtained from the double shear bolted tests
are shown in Figure 4.50.
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Figure 4.50 Load vs. stress for bolted assembly
(a) Axial load vs. surface tensile stress plots for double-shear bolted assemblies compared to FE stress
results. The stresses are obtained from the strain gauge readings on both the O.35mm thick PfFE liner
specimens (BLl) and the O.36mm thick brass liner specimens (BL2)as shown in (b).
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4.4.4 Test observations and comments
The results in this section are discussed in chronological order. The single-lap
adhesive tests were performed first in order to identify the best performing adhesive.
The selected adhesive was subsequently used in the double-lap adhesive tests and
compared to the results of the double-shear bolted specimens.
4.4.4.1 Single-lap adhesive tests
The single-lap adhesive tests produced a considerable scatter of failure loads and
three distinct failure mechanisms - shear failure along the adhesive / glass adhesive or
the adhesive/steel interface, generally referred to as adhesive failure (Figure 4.43a);
shear failure within the thickness of the adhesive layer, known as cohesive failure
(Figure 4.43b); glass failure originating from the regions of higher tensile stresses
(Figure 4.43c). The first two failures generally accompany one another and in some
cases it was difficult to distinguish between the two. Despite the different failure
modes and the above mentioned scatter of failure loads, it was evident that the
Holdtite acrylic ST 3295 and the 3M epoxy 2216 produced the strongest and weakest
joints respectively. The mean strength of the Holdtite acrylic was 1.45 times stronger
than the Loctite acrylic and 2.32 times stronger than the 3M epoxy.
During testing it was observed that
the Loctite 326 acrylic produced the
most sudden failures. This
behaviour is reflected in the sudden
drop in load at failure shown in
Figure 4.46a. Conversely, the 3M
2216 B/A epoxy and the Holdtite ST
3295 acrylic failed after some
warning as portrayed by Figure
4.46b and 4.46c. In addition to a
small plateaux in the
load/ displacement behaviour, the
Holditite ST 3295 acrylic underwent
a spectacular discoloration as the
plastic region progressed from the
Figure 4.51 Adhesive Plasticity
Holdtite ST 3295 acrylic adhesive underwent
whitening as plasticity progressed from the higher
stress periphery to the lower stressed central region.
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high stress peripheral regions to the lower stress middle regions thus mapping out the
stress redistribution within the adhesive (Figure 4.51).
Another interesting observation was that the 3M 2216 epoxy was successful in
stopping or greatly reducing the propagation of cracks (Figure 4.52). In comparison
the Holdtite ST3295 acrylic and the Loctite 326 acrylic did not exhibit crack stopping
properties.
Figure 4.52 Crack reduction
3M Scotch Weld 2216 BfA epoxy showed a capacity for reducing crack propagation over the adhesive
area.
During testing of the single-lap adhesive assemblies, the lateral deformation of the
glass plate was clearly visible. This lateral displacement is caused by the eccentric
arrangement of the steel and glass plates and is also a function of the adhesive
stiffness. Maximum lateral displacements of up to 4mm were recorded with the
Holdtite ST 3295 acrylic assemblies (Figure 4.47b).
The Loctite 326 and Holdtite ST3295 acrylics produced joints with approximately twice
the stiffness of the 3M 2216 epoxy connections (Figure 4.46). This is caused by the
inherently lower modulus of elasticity of the epoxy and by the thicker bond line
adopted. The greater flexibility of the epoxy adhesive is also translated into larger
lateral displacements shown in Figure 4.47a.
The Holdtite ST 3295 two part acrylic was identified as the most suitable adhesive for
steel/ glass connections. This assessment was primarily based oIl the high failure
loads and the strain softening characteristics of this adhesive. The 3M 2216 two part
epoxy displayed the ideal low stiffness and crack-stopping properties, but the lowest
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strength. The loctite 326 acrylic produced the mid-range strengths, but the most
brittle failures of the three adhesives.
4.4.4.2 Double shear bolted tests and double-lap adhesive tests
The double shear bolted specimens failed without warning in the 25kN to 32.3kN
range except for one specimen, DL_BL2_6that failed at 12.6kN due to a generation of
a hard spot by the brass liner. Failures for the bolted specimens with PTFE liner
(DL_BL1_1to DL_BL1_7),originated at the edge of the hole close to ± 900 from the
direction of application of load (Figure 4.44a), whereas the origin of failure for the
brass liner specimens (DL_BL2_1to DL_BL2_6)tended to be between ± 600 and ± 800
(Figure 4.44b).
FE analysis showed that as the coefficient of friction between the bolt and the glass is
reduced, the point of maximum stress shifs towards 900 from the line of action of the
load. This phenomenon was confrrmed by an overall shift in the observed origins of
failure of between the bolted specimens with the low friction PTFE liner and the bolted
specimens with the brass liner. Furthermore, the stresses obtained from the
experimental investigation (Figure 4.50) are also in agreement with this observations
as they suggest that the maximum stress for the brass liner specimens should be
approximately mid-way between 67.50 and 900, whereas the peak stress for the PTFE
liner specimens is closer to the 900 mark. In addition, the magnitude of the tensile
stresses recorded during the experimental investigation at the strain gauge positions
are within ±5% of the FE model tensile stresses at the corresponding positions around
the bolthole.
The brass liner specimens produced stiffer connections with axial elongations of the
specimens varying between 2.9mm and 4.17mm (Figure 4.49b). The more flexible
PTFE liner specimens produced axial elongations between 3.93mm and 5.57mm
(Figure 4.49a). This discrepancy between the brass and the PTFE liner does not
appear to affect the strength of the connection considerably, however the PTFE liner is
considered more successful in reducing hard spots and premature failure.
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The double-lap adhesive tests failed at high loads in the order of 3 times the failure
load of the double shear bolted specimens. All specimens tested resulted in glass
failure. Specimen DL_AHDT_3failed at a much lower load when compared to the
other specimens. This occurred due to lack of adhesion to one of the steel plates. In
all the double-lap adhesive specimens the deflections tended to increase rapidly close
to failure, and in some cases a limited amount of strain softening was observed (Figure
4.49). This behaviour contrasts sharply with the hyperbolic load vs. deflection
characteristics of the bolted specimens.
The initial stiffness of the adhesive joints was much greater than the initial stiffness of
the bolted connections. This is due to a lack of tolerances in the adhesive assemblies.
The elongation at failure of the double-lap adhesive joints was in the order of 1/3 that
of the bolted connections.
It was also noted that the stiffness of the double-lap adhesive specimens is
considerably larger than the respective single-lap adhesive joints. This is primarily
due to a doubling of adhesive area, but it is also suggested that the adhesive is stiffer
when the shear component is increased and the bending component decreased.
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4.5 COMPARISONS AND COMMENTS
The accuracy of the failure load predictions carried out in section 4.3.5 using
FE analysis and the Glasstress program were compared to the actual failure
loads obtained from the experimental investigation in section 4.4.
The stresses on the glass surface were converted to 60-second equivalent stresses O"e
by adopting Equation 3.9. However, since the load vs. time relationship is nearly
linear, the transformation may be simplified from that given in Equation 3.9 to:
[
1 -1 ]vn
a, = (O"(I)-O"r) '. r + a,
60(n+l)
(4.3)
Where aft) is the value of the stress at failure, O"r is the surface pre-compression due to
the tempering process (initially assumed as 90N/mm2), tfis the load duration and t; is
the time at which the applied surface stress has neutralised the thermally induced
compressive surface stresses caused by the tempering process i.e. when aft) =
90N/mm2.
Furthermore, since there are no geometrical non-linearities and the material non-
linearity is small, the stress is linearly proportional to load and Equation 4.3 may be
re-written as:
[
1 - 1 ]1/nf rP. = p-p + P
60 ( r) 60(n +1) r (4.4)
Where P60 is the 60-second equivalent failure load, P is the failure load obtained from
the test results and P, is the load required to neutralise the tempering surface stress.
The bolted and adhesive connections produce an uneven stress distribution on the
glass surface. It was therefore assumed that the load-duration effects for the entire
plate are invoked when the surface pre-compression is exceeded at any point on the
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glass surface. From the strain gauge readings and FE analysis results it was
concluded that the surface pre-compression CTr = 90N/mm2 is exceeded at P, = 17.BkN
for the bolted specimens and P; = 36.9kN for the adhesive specimens (Figure 4.53).
Surface precompreasion
of tempered g1a88
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Figure 4.53 Load duration effects for bolted and adhesive assemblies
Applied load vs. time showing the region a > 90N/mm2 which is time dependant and the region a <
90N/mm2 which is independent of load duration for (a) double shear bolted assembly and (b) double-lap
adhesive assembly.
Equation 4.4 transforms the portion of the load/time relationship to a 60-second
equivalent, uniformly applied load, P60, and ensures that the surface pre-compression
due to tempering is excluded from the load duration calculations.
The resulting 60-second equivalent load, P60, shown in Table 4.9a and Table 4.9b were
plotted against the cumulative probability of failure and compared to the predicted
probability distribution function obtained from section 4.3.4.
From the initial comparisons of the predicted PDF's obtained from the FE analysis and
the Glasstress program and the PDF's obtained from the experimental investigation it
was evident that the Glasstress predictions with CTr = 90 N/mm2 were underestimating
the strength of the bolted connections. Furthermore, the maximum stress approach
was producing an even more conservative estimate of glass failure. It was therefore
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decided to obtain an independent measurement of the tempering precompressions
present on the glass surface. These stresses were measured from a surviving glass
specimen at Pilkington Technology Centre in Lathom, UK (Overend 2001b).
Table 4.9 Rank order and effective strength for probability distribution functions
Experimental failure loads and 60 second equivalent failure loads, P60, obtained by applying Equation 4.4
with the effective load duration (t! - t~ shown for (a) double shear bolted assemblies and (b) double lap
adhesive assemblies.
(a)
Specimen Rank Failure Effective Effective
No. Order load P load failure
duration load P60
(kN) (s) (kN)
DL_BL2_1 1 25 69 24.6..
DL_BLl_5 2 26.6 154 26.1
DL_BL2_3 3 28.3 112 27.6
DL_BL1_2 4 28.7 148 28.0
DL_BL2_2 5 28.7 151 28.0
DL_BL2_5 6 28.9 155 28.2
DL_BL1_7 7 29.4 215 28.8
DL_BL1_3 8 30.1 154 29.3
DL_BL1_6 9 31.3 257 30.6
DL_BL1_1 10 31.6 276 30.9
DL_BL1_4 11 32.3 196 31.3
DL_BL2_4 12 32.3 196 31.3
(b)
Specimen Rank Failure Effective Effective
No. Order load P load failure
duration load P60
(kN) (s) (kN)
DL_AHDT_4 1 78.3 368 75.7
DL_AHDT_5 2 79.9 485 77.9
DL_AHDT_l 3 89.5 697 88.3
DL_AHDT_2 4 92.1 477 89.5
The non-destructive optical stress measurement was carried out using a differential
surface refractometer (DSR). The full operation details and underlying principles of
this technique may be found elsewhere (McKenzie& Hand 1999). However, the basic
principle of the DSR is that light is passed through a prism resting on the glass to be
measured, such that total internal reflection can take place at the glass surface. The
refractive index of the prism is higher than that of the glass being measured and a
fluid of intermediate index is used between the prism and the glass to provide optical
contact. The prism is divided into two parts, entrance and exit, separated by an
opaque divider, which prevents directly reflected light form entering the telescope.
Thus only light, which as entered the surface of the glass at the critical angles,
travelled through the glass close to the surface in the exit prism region and then re-
entered the prism at the critical angels, is allowed to reach the telescope. This light
does not re-enter the prism at a single point, but rather enters gradually over the
entire face of the exit portion of the prism to form two parallel bundles of rays
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corresponding to each polarised component. These bundles of light are focused in the
telescope into two bright lines (fringe pattern), one formed from the light polarised
parallel to the sample surface and the other from the light polarised perpendicular to
the sample surface. The separation of the two lines is directly proportional to the
surface stress lying in the plane of the glass surface at right angles to the axis of the
instrument. Provision of a micrometer eye-piece permits measurement of the spacing,
s, between corresponding lines on each side of the split field. The stress on the
surface in a direction normal to the principal axis of the prism is given by:
(4.5)
where let is the differential surface refractometer calibration factor and s is the
separation observed in the fringe pattern.
The resulting stresses at four
separate locations on the tempered
glass plate are shown in Figure
4.54. From the analysis of these
results and after further
consultation with Pilkington
Technology Centre it became
evident that the glass was
originally tempered to achieve a
120Njmm2 surface stress rather
than the customary 90Njmm2•
Furthermore, a drop in the
magnitude of the surface stresses
was observed close to the edges
and corners of the glass. This
agrees with the findings of Laufs
(1998) discussed in section 2.2.3.1.
- Tempered
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Figure 4.54 Surface precompressions
Surface precompressions on tempered glass measured
at Pilkington Technology Centre using a differential
surface refractometer.
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The surface precompression of O'r = 90 N/ mm-'was therefore replaced with a value of a-
= 120 N/mm2. The resulting predictions show excellent agreement with the test data
(Figure 4.55).
The single lap adhesive tests proved successful in their main scope of identifying a
suitable steel/glass adhesive. However, the number of glass failures obtained in these
adhesive tests were not sufficient to provide any basis for verifying the failure
predictions. Furthermore, there is still considerable debate on the behaviour of
eccentrically loaded adhesive joints within the adhesive research community (Pye
1998, Adams et. al. 1997, Overend 2001).
The number of double-lap adhesive tests performed was also insufficient to prove the
accuracy of the Glasstress predictions. However, the results plotted in Figure 4.55
indicated that the strength predictions are in good agreement with the test data.
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Figure 4.55 Test results & strength predictions for bolted and adhesive assemblies
The 60 second failure loads, P60, plotted against the cumulative probability of failure obtained from the
experimental test data. These are overlayed on the failure strength predictions for bolted and adhesive
connections obtained from FE analysis and the Glasstress program.
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4.6 CONCLUSIONS
The most widely accepted glass failure models (Beason & Morgan's Glass
Failure Prediction Model, Sedlacek's fracture mechanics model and Fischer-
Cripps & Collins Crack Growth Model) as well as the proposed General Crack
Growth Model derive the strength of glass from a weighted average of all the
tensile stresses acting on the glass surface. The accuracy of any prediction
made using these models is invariably dependant on the knowledge of the glass
surface stresses and on the ability to subdivide the glass surface into areas of
equal stress and subsequently summate the contribution of these areas in
accordance with Equation 3.8. This procedure is clearly unattractive for
manual computation and was consequently restricted to a few standard
applications such as uniformly loaded rectangular glass supported on all sides.
In all other cases, it was common practise to determine the maximum stress
acting on the glass surface and to conservatively assume that the whole glass
surface is subjected to this stress. The use of FE analysis in conjunction with
the Glasstress program outlined in section 4.3.5 automates the computation of
the strength of glass and results in a substantial improvement in the accuracy
of predicting failure of the glass assemblies.
It was also possible to use this glass design approach to optimise the bolted and
adhesive connections prior to testing. From this optimisation process and the
subsequent physical testing it was concluded that for the geometries investigated
adhesives produce the stronger steel/glass connections. An average increase in
strength of 36% for the single-lap adhesive and 188% for the double-lap adhesive with
respect to the double shear bolted connections. This increase in strength is dependant
on the adhesive used and the surface preparation adopted and is limited to short term
linearly increasing loads with newly assembled joints.
The conclusions drawn from this chapter are particularly significant because the
brittle, unforgiving, nature of glass implies that the strength of the connection may
determine the strength of the glass structure. However, different support / loading
conditions and serviceability requirements may be such that failure is reached at a
location removed from the supports. It is therefore pertinent to analyse the behaviour
and determine the possible failure modes of the entire structural glass plate.
CHAPTER 5
Load Bearing Glass Plates
5.1 INTRODUCTION
The majority of structural glass assemblies consist of an array of glass plates
connected together and/ or to a sub-frame to form a load bearing facade or structure.
Larger glass plate sizes are generally preferred due to the reduced number of joints
that result in a cost saving and increased transparency of the structure. The
maximum width of an annealed glass plate is controlled by the width of the float bath
(3100mm) whereas the maximum size of a tempered glass plate is further restricted by
the size of the tempering oven (3100mm x 2410mm).
With the larger plate sizes and higher lateral and/or in-plane loads the three
mechanisms that may initiate failure are:
(i) Locally initiated failure caused by high stresses at supports or in the vicinity of
point loads.
(ii) Overall flexural failure caused by the bending action induced by lateral loads.
(iii) Buckling failure arising due to the increased slenderness and the presence of
compressive in-plane loads.
The use of the proposed glass design methodology consisting of the General Crack
Growth Model (GCGM)put forward in section 3.2.2 and the Glasstress subroutine
outlined in section 4.3.5 may provide efficient structural glass assemblies with relative
ease. However, this method has not been verified for large glass plates and it is
pertinent to do so before its application in practice may be considered.
Unfortunately, there is no known publication that Deals with the experimental
investigation of point supported structural glass plates, but there is a reasonable
amount of test data available for rectangular glass plates that aresimply supported
along their four edges. The aim of this chapter will therefore verify the proposed glass
design method by comparing the strength predictions to the reported test data.
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5.2 EXISTING TEST DATA
Most of the test data available consists of laterally loaded rectangular glass plates and
forms part of testing programs carried out in the 1980's and early 1990's in the United
States and Canada. These tests form the basis of the American and Canadian codes of
practice for architectural glass, ASTM E-1300 (1997) and CANjCGSB-12.20.M89
(1989) respectively. Three sets of independent test were selected by the author. The
first two sets consist of 34 in number 916 x 1300 x 4mm thick annealed glass plates
(Dalgliesh & Taylor 1990) and 111 in number, 355.6 x 920.75 x 3.175mm thick
annealed glass plates (Abiassi 1981). The reported experimental results are shown in
Table 5.1 and Table 5.2 respectively. The third set of tests shown in Table 5.3
consists of 26 in number 1676.4 x 1676.4 x 5.66mm thick tempered glass failure data
(Norville et al. 1991). These three sets of data were selected because they were the
largest published test data that included load-time characteristics of each specimen,
thus allowing the derivation of the 60-second equivalent failure load, P60, for each
specimen.
Table 5.1 Existing glass test data reported by Dalgliesh & Taylor (1990)
Reported experimental results for 916 x 1300 x 4rnm thick rectangular annealed glass
simply supported along the four edges and subjected to a uniformly distributed lateral load
(Dalgliesh& Taylor 1990).
Specimen Failure Load Specimen Failure Load Specimen Failure Load
No. LoadP60 Duration No. LoadP60 Duration No. LoadP60 Duration
(N) (s) (N) (s) (N) (s)
1 3382 47 13 4358 60 25 6597 94
2 5442 77 14 6418 86 26 7359 103
3 2691 39 15 5704 79 27 6002 86
4 6276 85 16 6788 91 28 5990 84
5 5323 73 17 6823 91 29 4811 69
6 4882 68 18 7240 95 30 5978 85
7 6692 91 19 5454 75 31 2608 40
8 4906 68 20 5680 76 32 2929 45
9 6299 90 21 6145 86 33 3025 45
10 5966 81 22 3477 51 34 4251 61
11 5323 73 23 4025 59
12 6847 93 24 6121 88
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Table 5.2 Existing glass test data reported by Abiassi (1981)
Reported experimental results for 355.6 x 920.75 x 3.175rnm thick rectangular annealed
glass simply supported along the four edges and subjected to a uniformly distributed lateral
load (Abiassi 1981).
Specimen Failure Load Specimen Failure Load Specimen Failure Load
No. LoadP60 Duration No. LoadP60 Duration No. LoadP60 Duration
(N) (s) (N) (s) (N) (s)
AN -12 3135 64 AN - 53 1505 31 AN - 100 1630 3
AN - 13 2148 44 AN - 54 1913 789 AN -101 1866 2
AN - 14 2210 47 AN - 55 1991 822 AN - 102 1489 1
AN - 15 1740 38 AN - 56 2477 1027 AN - 103 2101 1
AN - 16 2352 49 AN -57 1646 665 AN - 104 2069 1
AN- 17 1897 39 AN - 58 2257 925 AN - 105 2665 1
AN -18 2038 41 AN - 59 1850 771 AN - 106 1238 1
AN - 19 2524 56 AN -60 1552 628 AN - 107 2320 1
AN - 20 2163 50 AN -61 1960 796 AN - 108 1693 1
AN - 21 2257 44 AN-62 2822 1097 AN - 109 2822 1
"
AN - 22 2414 47 AN - 63 1740 701 AN - 110 3073 1
AN - 23 1286 26 AN - 64 2681 lOBO AN - 112 2759 1
AN - 24 2101 44 AN - 65 1489 633 AN - 114 3120 2
AN - 25 2305 51 AN-66 1583 661 AN - 115 1866 1
AN - 26 1709 32 AN -67 1709 734 AN - 116 2007 1
AN - 27 1552 37 AN -68 1380 591 AN - 117 3527 2
AN - 28 2571 57 AN!69 2728 1081 AN - 118 1897 1
AN - 29 2352 49 AN -70 2054 1182 AN - 119 2116 2
AN - 30 2352 45 AN -71 1850 722 AN - 120 1630 1
AN - 31 1693 33 AN -72 1474 592 AN - 121 1944 1
AN - 32 972 21 AN -73 1333 577 AN - 122 2054 2
AN - 33 1536 35 AN -74 1677 662 AN - 123 2681 4
AN - 34 1144 26 AN -75 3120 1297 AN - 124 2101 1
AN - 35 2054 44 AN -77 1552 615 AN - 125 2289 1
AN - 36 2257 47 AN -78 2320 902 AN - 126 1599 1
AN-38 2571 53 AN -79 1348 500 AN - 127 1756 1
AN -39 1489 29 AN -81 2399 952 AN - 128 1129 1
AN-40 2257 47 AN - 82 2210 908 AN - 129 1756 1
AN -41 2367 50 AN - 83 2618 1074 AN - 130 2602 1
AN-42 2822 61 AN -84 3088 1247 AN - 131 2320 1
AN -43 2148 42 AN -85 2367 952 AN - 132 2038 1
AN - 44 1427 29 AN - 86 2681
AN - 45 1756 39 AN - 87 2806
AN-46 2775 56 AN - 92 2571
AN-47 1960 42 AN -94 2712
AN - 48 2195 46 AN - 95 2932
AN -49 1677 35 AN - 96 3120
AN- 50 2508 48 AN - 97 2602
AN- 51 1552 32 AN - 98 1944
AN - 52 1960 42 AN - 99 1380
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Table 5.3 Existing tempered glass test data reported by Norvilleet al. (1991)
Reported experimental results for 1676.4 x 1676.4 x 5.66rnm thick rectangular tempered
glass simply supported along the four edges and subjected to a uniformly distributed lateral
load (Norvilleet al. 1991).
Specimen Failure Load Specimen Failure Load Specimen Failure Load
No. LoadP60 Duration No. LoadP60 Duration No. LoadP60 Duration
(N) (s) (N) (s) (N) (s)
1 33521 45 10 40497 41 19 32940 50
2 32940 46 11 41466 44 20 29840 44
3 40691 43 12 32359 53 21 28096 48
4 25771 28 13 28677 46 22 27708 53
5 31584 47 14 37590 37 23 31002 46
6 32940 40 15 36428 38 24 32165 49
7 33327 50 16 37590 38 25 41659 44
8 35265 43 17 32552 52 26 33134 44
9 26740 43 18 33327 44
5.3 NUMERICAL INVESTIGATIONS
5.3.1 Finite Element Modelling and Procedures
Preliminary calculations and the reported test data reveal that the above listed glass
plates deflect by more than the plate thickness. The substantial deflection means that
the linear relationships assumed by small displacement theory are no longer valid and
a more accurate non-linear design is required. The properties of the element in the FE
model and the analysis procedure method were therefore selected to account for both
flexural and membrane deformations.
The convergence testing for laterally loaded rectangular plates has already been
carried out in Chapter 3 (refer to section 3.5.2). It was therefore decided to adopt a 10
x 14 mesh and an 8 x 24 mesh for the annealed glass test specimens reported by
Dalgliesh & Taylor (1990) and Abiassi (1981) respectively. The tempered glass plate
failure data reported by Norville et. al (1991) was modelled by a 14 x 14 mesh. These
mesh densities and the use of quadrilateral semi-loof thin shell elements (QSLB)
ensures that the percentage errors in deflection and stress are within ± 0.2% and ±
1.9% respectively (refer to Table 3.6).
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On the basis of the verifications carried out in section 3.5.2.3 a Newton-Raphson
procedure was adopted with the convergence criteria set at 1 x 10-6 for the residual
force norm and 1 x 10-4 for the incremental displacement norm.
The only notable departure from the FE Model adopted in section 3.5.2 was the simply
supported edges of the plate. This support arrangement was modelled by lateral
translational supports placed along the edges of the plate and in order to avoid a
possible mechanism, horizontal in-plane restraints parallel to the edges were provided
at mid-side positions (Figure 5.1).
In-plane horizontal
restraints at mid-edge
positions
Figure 5.1 FE model of rectangular glass plate
Simply supported glass plate, for the Dalgliesh & Taylor (1990) test data, constructed with thin shell
semi-loof elements (QSLB)with lateral supports around the edges and in-plain horizontal restraint at the
mid-edge positions.
Equal load increments were set to ensure that the entire range of 60-second
equivalent failure loads shown in Table 5.1, Table 5.2 and Table 5.3 was within the
plotted probability distribution function (PDF)and that there were sufficient prediction
values in this region to produce a smooth curve.
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5.3.2 Data Analysis and Predictions
The resulting major principal stresses, O"max, on the tension face of the plate obtained
form each the FE analyses were summated using Glasstress. This process was
repeated for each load increment. The surface pre-compression, o-, was set to zero for
the annealed glass specimens and 69 N/mm2 for the tempered glass specimens. The
latter is in accordance with ASTME-1300 (1997) recommendations and the Norvilleet.
al. (1991) surface stress measurements.
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Figure 5.2 Stress contours for tempered glass plate.
Major principal tensile stress contours for 916 x 1300 x 4mm thick glass plate used to provide the
predicted PDF for the Dalgliesh & Taylor (1990) annealed glass tests with a uniformly distributed lateral
load of (a) 2.SkN, (b) SkN and (c)7.SkN.
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The resulting equivalent stresses, (jp, were used to determine the probability of failure
Pffor each load increment by using:
(5.1)
Where k and m are surface strength parameters defined in Chapter 3 as 5.1 x 10-57m-2
Pa-7.3 and 7.3 respectively; A is the surface area of the plate which is subjected to
tensile stress; and 1.5338 is the load duration factor to transform 60-second stresses
to instantaneous stresses (refer to section 3.2.1.2).
The relationships between the predicted, 60-second equivalent failure load, P60, and
the probability of failure, Pf, resulting from Equation 5.1, were plotted in Figure 5.3
and Figure 5.6. Furthermore, the reported 60-second equivalent failure loads for
annealed glass were plotted against the reported cumulative probability of failure and
overlayed on Figure 5.3.
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Figure 5.3 Test results & failure strength predictions for annealed glass
Reported 60 second failure loads, P60, plotted against the cumulative probability of failure obtained from the
reported experimental test data. These are overlayed on the failure strength predictions for rectangular annealed
glass obtained from the FE results and the Glasstress algorithm.
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In the computation of the 60-second equivalent test loads for the tempered glass
plates, Norville et al. (1991) assume that sub critical crack growth commences at time
t = o. This is unlikely to occur since the surface pre-compression due to the
tempering process is not affected by load duration, and as discussed in section 3.7.1
and section 4.5, sub-critical crack growth will only occur when the applied surface
stress exceeds the surface pre-compression. It was therefore decided to replace the
60-second equivalent loads, P60, reported by Norville et al. (Table S.3) with a new set of
more accurate equivalent loads, P'60.
The stress vs. time relationships
have not been reported in Norville et
al. (1991). Furthermore, the large
deflections of the tempered glass
plates imply that the small
displacement theory is violated
(Figure S.4), consequently it is not
possible to substitute load for stress
in the stress corrosion equations as
discussed in section 3.7.1. In order
to obtain the new 60-second
equivalent loads, P'60, it was
therefore necessary to combine the
test data reported by Norville et al.
(1991) and the FE analysis
performed by the author. From the
FE analysis of the 1676.4 x 1676.4 x
S.66mm thick plates it was determined that the surface pre-compression, Ur, of
69N/mm2 is neutralised when a uniformly distributed lateral load of 20.187 kN is
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Figure 5.4 Load vs. Displacement
relationship for tempered glass
Applied lateral load vs. maximum lateral
displacement for a 1676.4 x 1676.4 x 5.66mm
thick simply supported tempered glass plate
obtained from the FE analysis results.
applied. With a reported load rate of 904 N/ s this equates to a time, t,., of 22.3 seconds
(Figure S.S). Beyond the 22.3 second duration the glass is subjected to sub-critical
crack growth and the strength of the plate is therefore time dependant. Equation 4.3
was therefore applied to the stress / time relationship to obtain the 60s equivalent
stress Ue. With the magnitude of surface pre-compression Ur = 69 N/mm2, t,. = 22.3s,
whereas the stress at failure, a; and the load duration, te, for each specimen were
those reported by Norville et al. (1991).
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The resulting, (Te, was used to
determine the 60-secondnew
equivalent loads, P'60, from the
stress vs. load relationship obtained
from the FE analysis (Table 5.4).
The new 60-second loads, P'60, were
then plotted against the reported
cumulative probability of failure Pf
and overlayed on the predicted PDF
shown in Figure 5.6.
Table 5.5 gives a more detailed
account of how the proposed GCGM
compares with the test results and
with other failure prediction models
at low probabilities of failure.
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Figure 5.5 Load duration effects for
tempered glass
Applied load vs. time showing region (5 > 69N/mm2
in which subcritical crack growth occurs and region
(5 < 69N/mm2 in which the load bearing capacity is
independent of load duration. The 60-second
equivalent stress, (5e, obtained from Equation 4.3 is
inserted in the stress vs. time relationship to obtain
the new 60-second equivalent load P'60.
Table 5.4 Modified failure loads for tempered glass
Experimental 60-second failure loads P60 for 1676.4 x 1676.4 x 5.66mm thick rectangular tempered
glass reported by Norville et al. (1991) and recalculated 60-second equivalent loads P'60.
Specimen Modified failure Load Modified failure Specimen Modified failure Load Modified failure
No. LoadP60 Duration LoadP60 No. LoadP60 Duration Load P60
(N) (s) (N) (N) (s) (N)
1 33521 45 39140 14 37590 37 41950
2 32940 46 37300 15 36428 38 40787
3 40691 43 44760 16 37590 38 42338
4 25771 28 31487 17 32552 52 37203
5 31584 47 36525 18 33327 44 37881
6 32940 40 37397 19 32940 50 37590
7 33327 50 37687 20 29840 44 35071
8 35265 43 39528 21 28096 48 34006
9 26740 43 31584 22 27708 53 32262
10 40497 41 43694 23 31002 46 36331
11 41466 44 44953 24 32165 49 36718
12 32359 53 36912 25 41659 44 45922
13 28677 46 34974 26 33134 44 37590
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The Glasstress algorithm was however used to arrive at values of equivalent stress, O"p,
for all three models with minor modifications to account for the different surface
strength parameter m.
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Figure 5.6 Test results & failure strength predictions for tempered glass
Modified 60 second failure loads, P'60, plotted against the cumulative probability of failure obtained from
the reported experimental test data. These are overlayed on the failure strength predictions for
rectangular annealed glass obtained from the FE results and the Glasstress algorithm.
Table 5.5 Comparison of actual and predicted probability of failure
Probability of failure obtained from FE results and application for the respective failure
model are compared to probability of failure derived from independent physical
testing. Equivalent stress, O"p, obtained for given loads, P60, from FE analysis and
application of Glasstress algorithm for different failure prediction models. Maximum
stress, O"max, derived from FE analysis for given load P60.
Test Series Test Results
Proposed ASTME1300-97
CEN/TC 129 /WGBGCGM CAN/CGSB 12.20.M89
Annealed Glass
Beason (1980) Q.018 Q,QIQ O.Q1fi 0.00026
P 60 .. l.12SkN (ap = 20.7N/mm") (ap = 20.6N/mm") (up - 24.1N/mm")
(a ..... - 27.6N/mm")
Annealed Glass
Dalgliesh & Taylor (1990) 0.026 0.025 0.039 0.001
P60 = 2.6kN (ap = 20.7N/mm") (up = 20.6N/mm") (ap = 23.5N/mm")
(umax = 23.3N/mm")
Tempered Glass
Norville et al (1991) 0.039 0.031 0.282 0.053
P60 = 31.5kN (up =87.1N/mm') (up = 94.5N/mm') (ap - 96.34N/mm")
((1_ " 123.2N/mm")
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5.3.3 Discussion
The predicted relationship between the 60-second equivalent loads, P'60, and the
probability of failure, Pt, are in good agreement with the annealed and tempered glass
test results. This is particularly the case at the low probabilities of failure generally
used in practice.
From Table 5.5 it is possible to conclude that the GCGMpredicts the probability of
failure more closely than the other two models for the Dalgliesh and Taylor (1990)
annealed glass and the Norville et al. (1991) tempered glass.. The ASTME-1300
(ASTM1997) model provides a better estimate than the proposed GCGM for the
Beason (1980) annealed glass failure data. However, it is important to note that the
Beason (1980) tests were among the test data originally adopted to calibrate the
surface strength parameters adopted by the ASTM E-1300 code. The CEN/TC
129/WG8 (CEN/TC129 1997) model performs best at very low probabilities of failure
« 8/1000). This explains the poor predictions at relatively high probabilities of failure
reported in Table 5.5.
Furthermore, a comparison between the maximum principal stress, Omax, and the
respective equivalent stresses, CTp, in Table 5.5 reveals that the weighted average
approach adopted in the Glasstress algorithm is a better representation of glass
failure. The alternative maximum stress approach produces a safe, but inefficient
structure.
5.4 CONCLUSIONS
The design of large rectangular plates to date was generally based on very accurate
and convenient glass design charts available in national and international codes of
practise and design standards. These design charts are limited to specific glass
geometries, loading and support conditions. The readily available design charts were
generally limited to simply supported rectangular and triangular glass with uniformly
distributed lateral loads. Any departure from the set conditions implies that a design
from first principles must be carried out.
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The first option for a designer of a bespoke glass structure is to adopt a maximum
stress approach in which the maximum stress derived from structural analysis is
assumed to be acting over the whole surface of the structure. This method is
computationally simple, but does not take into account the sensitivity of glass to
surface stress distribution and was therefore shown to be safe, but highly inefficient.
The alternative approach is to acknowledge the mechanisms that determine the
fracture of glass and adopt a weighted average approach for determining the
equivalent uniformly distributed stress, Up. This approach is widely acknowledged to
produce a far better prediction of glass strength, however, it involves calculations that
are unattractive for manual computation.
Since there is no known publication that reports the testing of point supported
structural glass plates, the validity of the latter approach was verified by comparing
the strength predictions to published test data for simply supported rectangular glass
plates subjected to a uniformly distributed lateral load.
The use of the proposed glass design methodology has provided the required
equivalent stress calculations and strength predictions without the need of
unattractive manual computation. Furthermore, the adoption of the proposed GCGM
provided the most accurate representation of the flexural failure of laterally loaded
large rectangular glass plates. The proposed design method has therefore been shown
to be valid for the design of large annealed and tempered glass plates.
CHAPTER 6
Conclusion & Future Research
6.1 SUMMARYOF ACCOMPLISHMENTS
Traditional glass design procedures relied on the empirical. representations -of glass
strength and rules of thumb to determine the stress distribution caused by the
applied loads. These empirical rules have stood the test of time primarily because
glass was predominately used in short span window infill applications. However,with
the development of the curtain wall, glass has evolved into a more important
structural component of the building envelope. These developments led the glass
design community to propose the first analytically derived failure prediction models for
glass. The models provided a more accurate representation of glass failure, but were
generally restricted to curtain wall situations - laterally loaded rectangular plates
simply supported along their edges. More recently, a number of crack growth models
have emerged as the most accurate representation of glass failure and strength.
These models, derived from the application of linear elastic fracture mechanics, have
been developed in response to the growing structural role of glass. However, the
accuracy of these crack growth models depends on the subdivision of the glass surface
into areas of equal stress and the subsequent summation of the contribution of these
areas to the failure of glass. This makes the crack growth models unattractive for
manual computation.
None of these design methods fulfils the requirement of an accurate, usable approach
for the design of the wide range of structural glass components currently being
proposed by the building industry. Furthermore, the lack of an accurate and efficient
representation of glass strength precludes any optimisation of the glass components
being adopted. An analytically derived general crack growth model and a specially
written subroutine are offered to answer this need. The major accomplishments in the
development of this glass design approach include:
(i) The existing failure models have been reviewed and the underlying
theories compared. The discrepancies between the existing failure models
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were discussed with a particular emphasis on the variations of glass
strength with load duration, surface area and relative magnitude of
principal stresses.
(ii) The Fisher-Cripps & Collins (1995) crack growth model has been
extended to include tempered glass and unequal biaxial stresses and
hence formulate the general crack growth model (GCGM). This model
endeavours to take into account all known factors to affect glass
strength. The GCGMis verified by ring-on-ring testing of both annealed
and tempered glass.
(iii) An uncomplicated design method for determining the ultimate limit state
of glass in tension has been proposed and based on the Eurocode
principles (CENjTC129jWG8 1997 & 1998). Design charts based on the
GCGMhave been provided. They may be used to derive the strength of
glass U/- The equivalent applied stress, Up, is a summation of the applied
surface stresses. Glasstress, a specially developed subroutine, has been
written to automatically compute the equivalent applied stress, Up, from
[mite element (FE) analysis results.
Subsequently, the proposed design method and FE analysis were used to determine
the behaviour of existing bolted connections in glass and to propose an optimised
alternative connection using adhesives. Physical testing of the connections revealed
that the proposed design method was able to predict the failure of glass with a high
degree of accuracy. Furthermore the optimisation process resulted in a 188% increase
in short term strength.
Finally, the proposed design method was also verified by comparing the failure
predictions made for laterally loaded rectangular glass plates with independent test
data. The results from these experimental investigation showed that the GCGMfailure
load predictions were significantly more accurate than the predictions made by the
existing failure models. Furthermore, the use of the Glasstress algorithm has
eliminated the unattractive manual computations, thus making it possible to adopt
the more accurate crack growth models in everyday design.
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6.2 DIRECTIONS FOR FUTURE RESEARCH
This thesis is only a segment of the work required to verify the underlying theories and
assumptions adopted in the proposed glass design approach. In this respect the main
areas of further research are:
(i) A theoretical and experimental investigation to verify the glass sub critical crack
growth limit of 34.6%. This should include a physical testing program for glass
subjected to long term and cyclic loads.
(ii) A reliability analysis of the surface precompressions induced by the tempering
process. This should be carried out by using the appropriate non-destructive
optical measurement equipment, generally a differential surface refractometer
or a grazing angle strain predictor (McKenzie & Hand 1999). An alternative
Hertzian fracture method (Roberts et al. 1999) may also be investigated. This
further research should provide a more accurate value for the tempered glass
material safety factor, rv, in the glass strength Equation 3.6 and Equation B.3.
(iii) Verification of the biaxial stress modification factor, Cb, by experimental
investigation of appropriately loaded glass plates. The proposed Glasstress
algorithm may therefore be extended to take the variation of major and minor
principal stress into account.
(iv) The extension of the proposed glass design method to include failure caused by
buckling instability of the glass. This may be achieved by performing numerical
and experimental investigations on glass elements subjected to a combination
of lateral loads and/ or compressive in-plane loads.
The proposed glass design method endeavours to be independent of glass shape, load
and support conditions. For the purpose of further optimisation of structural glass
assemblies future work may include:
(i) Analysis and testing of steel/glass connections with varying glass thickness.
This should provide an accurate comparison of the structural efficiency of
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bolted and adhesive connections for the range of glass thickness used in
practise.
(ii) Additional experimental investigations on single-lap and double-lap adhesive
connections to supplement the test data provided in this thesis and verify the
accuracy of the numerical predictions. These additional tests should also
determine the strength of the adhesive connections when subjected to cyclic
loads and exposure to ultra violet radiation, moisture and temperature
variations.
(iii) The numerical and physical investigation of point-supported glass plates that
are subjected to a combination of lateral loads and in-plane tensile/compressive
loads. This may be carried out by the application of the proposed glass design
method and experimental investigations.
(iv) The numerical analysis and scale testing of structural glass assemblies ranging
from short span cable truss supported glass to large span double layer grids,
barrel vaults and domes. This proposed research should endeavour to combine
the proposed glass design method with the overall behaviour of the glass
assembly to achieve a ductile failure.
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APPENDIX A
Physical & Mechanical Properties of Glass
The following are typical reported values for the properties of glass. The values shown
in brackets are the the values adopted in this research.
Density
Modulus of Elasticity
Shear Modulus
Poisson's ratio
25kN/m3
70-74kN/mm2 (74kN/mm2)
28.7-30.3 kN/mm2
0.22
21,0000N/ mm- but actual tensile
strength is governed by fracture
900N / mm? generally preceded by
complimentary tensile failure
Fracture toughness 0.78MPal/2
Theoretical tensile strength
Compressive strength
Static fatigue limit 0.25-0.30MPal/2 (0.27 MPal/2)
Static fatigue constant 16 for glass in water at 25°C
Hardness 6MoH
Thermal conductivity 1W/mK
Coefficient of thermal expansion 7.7-8.8x10-6rC
Softening Temperature 550°C but varies with composition
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APPENDIX B
Method for determining the ultimate limit
state of glass in tension
1. Calculate the Design Loads for Short and Long Term Loading
The design load for short term loading is given by:
(B.1)
The design load for long term loading is given by:
(B.2)
where YG is the partial factor for dead loads ( = 1.35), Gt is the characteristic dead load,
YQ is the partial factor for live and wind loads (= 1.5), QkST and QkLT are the
characteristic live loads for short and long durations respectively.
2. Determine the Strength of the Glass Surfaces OJ
(B.3)
where kmod Us is the strength of annealed glass obtained from Figure 8.1 and uri Yv is
the strength contribution provided by the tempering process in which Ur is the induced
surface pre compression (generally, 90N/mm2 s Ur s 120N/mm2) and Yv is a partial
safely factor depending on the quality control of the tempering process (typically, Yv RI
1.5).
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Load Duratien (5)
.35.0-40.0
N~
.30.0-35.0S.. .25.0-30.0.... .20.0-25.0-e
'0 015.0-20.0....
E 010.0-15.0
cii
05.0-10.0
Figure B.I Strength of annealed glass for Pf = 1/ 125
This design chart is a plan view of a failure envelope similar to that shown in Figure 3.5_ It has been
derived for a probability of failure PJ= 1/ 125 for various load durations tJ and surface areas A ranging
from 0.5 m2 to 5 m-. (Note that a glass plate in tension has TWOsurfaces).
Load Duration (5)
0.5
1.0
1.5
i .30.0-35.0
• .25.0-30.0e .20.0-25.0-<
il 015.0-20.0
3.0
.,
010.0-15.0E
cii 05.0-10.0
3.5
Figure B.2a Strength of annealed glass for Pf = 1/1060
This design chart is a plan view of the failure envelope shown in Figure 3.5. It has been derived for a
probability of failure PJ= 1/1000 for various load durations tJ and surface areas A ranging from 0.5 m2 to
5 m2• (Note that a glass plate in tension has TWOsurfaces).
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Load Duration (s)
.40.0-45.0
~
.35.0-40.0
.30.0-35.0.. .25.0-30.0....
< .20.0-25.0...~ 015.0-20.0
~ 010.0-15.0
cil
05.0-10.0
Figure B.2b Strength of annealed glass for Pf = 1/ 1000
This design chart is a plan view of the failure envelope shown in Figure 3.5. It has been derived
for a probability of failure Pr= 1/1000 for various load durations tr and surface areas A ranging
from 0.05 m2 to 0.5 m2• (Note that a glass plate in tension has TWO surfaces).
./' :/ 1.5
_L /
1.0II lL
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/ /
/ j
LOII II
L5r I I
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I I
·~.5
.0
ri r~ "E 5
~ ~ J
tl ~I -! 5.0
'" '" !0 9 ?
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r.i ., ., ~0 C! C!- ...;
Load Duration (8)
Figure B.3
~ .25.0-30.0.. .20.0-25.0t
< 015.0-20.0...
i 010.0-15.0.. 05.0-10.0
cil
Strength of annealed glass for Pf = 1/2000
This design chart is a plan view of a failure envelope similar to that shown in Figure 3_5. It has been
derived for a probability of failure Pj= 1/2000 for various load durations tfand surface areas A ranging
from 0.5 m2 to 5 m2• (Notethat a glass plate in tension has TWOsurfaces).
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3. Determine the Equivalent Applied Stress on the Glass Surface up
Once the principal stresses have been determined for the applied design loads FdST and
FdLT, the equivalent applied stress may be determined from:
(B.4)
where A is the total surface area, dA is the area of the subdivision, Umax is the
major principal tensile stress, m is the surface strength parameter (m = 7.3)
and Cb is the biaxial stress modification factor obtained from Table B.1 or may
conservatively be taken as unity.
This involves subdividing the surface area of the plate into areas of comparable
major principal tensile stress Umax • For each area i the relative contribution to
the probability of failure is determined from (CbiO"maxit ~ . The equivalent
stress over the whole surface area Up is the summation of the contributions of
all the areas.
Table B.I Biaxial stress modification factor
Biaxial stress modification factor Cb, for various O"min/O"max
ratios derived with a surface strength parameter m .. 7.3.
O"min / O"max 1.0 0.8 0.6 0.4 0.2 0 -0.2 -0.4 -0.6 -0.8 -1.0
.~-- ..---.,.---- ~~---- .. ~~.-~ f-~--- ~~- --- 1------
Cb 1.00 0.92 0.87 0.84 0.82 0.81 0.79 0.79 0.78 0.77 0.77
The accuracy of this method is directly related to the variation of Umax within
the arbitrary subdivisions. It therefore follows that a larger density of
subdivisions results in a more accurate representation of the equivalent stress
Up. In such cases the forgoing method becomes unattractive due to the large
amount of manual computations required. A Visual Basic subroutine has
therefore been developed to perform these calculations automatically by
working off the finite element results produced by Lusas (refer to section 4.3.5
Appendix C).
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For initial design purposes or where the stress distribution on the surface is
unknown, the expression in equation B.2 may be conservatively replaced by:
C1'p=C1'rnax (B.5)
4. Compare Strength and Equivalent Applied Stress
Compare the glass surface strength CT! with the equivalent applied stress CTp for both
short and long term loading to ensure that:
(B.6)
APPENDIX C
Ring-on-ring test jigs
Fabrication drawings for the ring-on-ring tests carried out as described in section 3.3:
Drawing 01 - 51mm diameter steel loading ring
Drawing 02 - 65mm diameter steel reaction ring
Drawing 03 - 127mm diameter steel reaction ring
Drawing 04 - 200mm diameter steel reaction ring
Drawing 05 - Locator plate
Drawing 06 - Test setup
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APPENDIX D
Computer algorithm for calculating the
equivalent uniform surface stress
A listing of the Glasstress computer algorithm used to determine the equivalent
uniform stress, CTp, on the surface of the glass is presented in Figure D.1. The program
was developed by the author and written in Visual Basic Computer Language to work
off the results of the LUSAS Finite Element Analysis results meso Input to the
computer consists of the co-ordinates of the surfaces to be analysed. Glasstress
conveniently calculates the surface area, dA, and average principal tensile stress, CTmax
, for each element of the FE model. The equivalent uniform stress, CTp, for the whole
surface is calculated automatically from Equation D.1, also referred to in chapter 3
and appendix B as Equation 3.8 and Equation B.4 respectively. The elements that are
subjected to a compressive stress are eliminated from this summation.
(D.1)
The Glasstress program also creates a spreadsheet containing a detailed breakdown of
these calculations and a summary of the entire surface. A sample computer output for
a 1000 x 1000 x 10mm thick glass plate that is supported along one edge and loaded
uniformly with an in-plane load along the other (Figure D.2). The Finite element model
consists of a transitional 5x5 mesh constructed from 8-noded quadrilateral plane
stress elements. The resulting major principal stresses and the Glasstress output are
shown in Figure D.3 and Figure D.4 respectively.
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$ENGINE=VBScript
'GLASSTRESS
, programmed by M. Overend at the University of Surrey
, this program calculates the equivalent uniform stress Up from the results of a 2-
, dimensional or a 3-dimensional [mite element analysis carried out by LUSAS.
, GENERAL & USER INPUT
, Set up variables
dim elt, nelts, number, ngauss, textWindow
dim valg, valsum, valmean
dim area, areal, area2, area3, area4, areaS, area6, area7, area8
dim x, y, z, xsum, ysum, mxlnodz
mxlnodz = 20
neltssl = 0.0
neltss2 = 0.0
tarea = 0.0
tareasl = 0.0
tareas2 = 0.0
areal = 0.0
area2 = 0.0
area3 = 0.0
area4 = 0.0
areaS = 0.0
area6 = 0.0
area7 = 0.0
area8 = 0.0
redim x(rnxlnodz)
redim y(rnxlnodz)
redim z(rnxlnodz)
redim nnum(rnxlnodz)
, Set text window
set textWindow = getTextWindowO
, Extract & count elements & ensure that model is loaded
nelts = getDatabaseO.getGroupByName("Database").countElementsO
if nelts = 0 then
msgbox "Error existing model must be loaded before running this script"
else
, Open Excel application
set ExcelApp = CreateAutomationObject("Excel.Application")
, Set Names of workbook and worksheet
call initialiseExcelApp(ExcelApp, "LusasWorkBook", "LusasOutput")
, Set Objects
set WorkBook = ExcelApp.WorkBooks(l)
set WorkSheet= WorkBook. WorkSheets( I)
, Write date & time created
WorkSheet.Cells(l,l).Value = "Created:"
WorkSheet.Cells(1,2).Value = "=NOWO"
Figure D.I Glasstess computer program for calculating equivalent uniform stress O'p.
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, Write row headers
WorkSheet.Cells(2,2).Value = "SURFACE 1"
WorkSheet.Cells(3,2).Value = "Element"
WorkSheet.Cells(4,2}.Value = "No. "
WorkSheet.Cells(3,3).Value = "Element"
WorkSheet.Cells(4,3).Value = "Area"
WorkSheet.Cells(5,3).Value = "m2"
WorkSheet.Cells(3,4).Value = "Av. Element"
WorkSheet.Cells(4,4).value = "Stress"
WorkSheet.Cells(5,4).Value = "Njmm2"
WorkSheet.Cells(2,7).Value = "SURFACE 2"
WorkSheet.Cells(3,7).Value = "Element"
WorkSheet.Cells(4,7).Value = "No. "
WorkSheet.Cells(3,8).Value = "Element"
WorkSheet.Cells(4,8).Value = "Area"
WorkSheet.Cells(5,8).Value = "m2"
WorkSheet.Cells(3,9).Value = "Av. Element"
WorkSheet.Cells(4,9).Value = "Stress"
WorkSheet.Cells(5,9).Value = "Njmm2"
, User to input surface co-ordinates to be. analysed
surfl = InputBox("Enter Y co-ordinate of 1st glass surface")
surf2 = InputBox("Enter Y co-ordinate of 2nd glass surface")
, User to input surface surface compression due to tempering
sr = InputBox("Enter surface pre-compression present on glass surface")
, Write surface precompression
WorkSheet.Cells(3, 11).Value = "Surface"
WorkSheet.Cells(4, 11}.Value = "precomp."
WorkSheet.Cells(5,1l}.Value = "Njmm2"
WorkSheet.Cells(6,1l).Value = sr
, Loop elements & extract element number
msgbox "Calculation in progress ... this may take a few minutes"
for i = 0 to nelts-I
valsumsl = 0.0
valmeansl = 0.0
valsums2 = 0.0
valmeans2 = 0.0
xsum= 0.0
zsum = 0.0
set elt = getDatabaseO.getGroupByName("Database").getElement(i)
number = elt.getNumberO
if (elt.isVisible(}) then
Figure D.l Glasstess computer program for calculating equivalent uniform stress Up
(continued).
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, NODE CO-OROS & NODALSTRESS ON 1st SURFACE ROUTINE
, initialise
lnodzs =-1
, extract number of nodes
lnodz=elt.countNodes()
'loop nodes
for n = 0 to lnodz-I
, extract nodes object
set node=elt.getNode(n)
, extract y coords
y1=node.getY()
Comp1 = StrComp(y1, surf1, 0)
, extract x & z coords on 1st surface
if Comp 1 = 0 then
lnodzs = lnodzs + 1
x(lnodzs) = node.getX()
z(lnodzs) = node.getZ()
, sum co-ordinates on 1st surface
xsum = xsum + x(lnodzs)
zsum = zsum + x(lnodzs)
, extract principal nodal stress
valns1 = elt.getNode(n).getResults("STRESS", "Sl")
valsums 1 = valsums 1 + valns 1
end if
next
, call area calculation subroutine if element has a face on surface 1
if lnodzs > 1 then
neltss1 = neltss1 + 1
call areacalc
tareas 1 = tareas 1 + area
, calculate element mean stress if element has a face on surface 1
valmeans 1 = (valsums 1/ (lnodzs+ 1))-sr
'write element nos. to excel
WorkSheet.Cells(i+7,2).Value = number
, write element area. to excel
WorkSheet.Cells(i+7,3).Value = area
, write nodal stress values to excel
WorkSheet.Cells(i+7,4).Value = valmeans1
, Glass strength calculation for each element
WorkSheet.Cells(i+7,5).Value = "=IF(RC(-l]>O, RC[-2]*POWER(RC(-1],7 .3), IF(RC(-l]<O,""
O"",IF(RC[-l]=O,"" 0"")))"
end if
Figure D.I Glasstess computer program for calculating equivalent uniform stress Up
(continued).
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, NODE CO-ORDS & NODALSTRESS ON 2nd SURFACE ROUTINE
, initialise
lnodzs =-1
, extract number of nodes
lnodz=elt.countNodesO
'loop nodes
for n = 0 to lnodz-1
, extract nodes object
set node=elt.getNode(n)
, extract y coords
y2=node.getYO
Comp2 = StrComp(y2, surf2, 0)
, extract x & z coords on 1st surface
if Comp2 = 0 then
lnodzs = lnodzs + I
x(lnodzs) = node.getXO
z(lnodzs) = node.getZO
, sum co-ordinates on 1st surface
xsum = xsum + x(lnodzs)
zsum = zsum + x(lnodzs)
, extract principal nodal stress
valns2 = elt.getNode(n).getResults("STRESS", "SI")
valsums2 = valsums2 + valns2
end if
next
, call area calculation subroutine if element has a face on surface 2
if lnodzs > 1 then
neltss2 = neltss2 + 1
call areacalc
tareas2 = tareas2 + area
, calculate element mean stress if element has a face on surface 2
valmeans2 = (valsums2j(lnodzs+l)) - sr
, write element nos. to excel
WorkSheet.Cells(i+7,7).Value = number
, write element area. to excel
WorkSheet.Cells(i+7,8).Value = area
, write nodal stress values to excel
WorkSheet.Cells(i+7,9).Value = valmeans2
, Glass strength calculation for each element
WorkSheet.Cells(i+7,10).Value = "=IF(RC[-l]>O, RC[-2]*POWER(RC[-1],7.3), IF(RC[-I]<O,""
O"",IF(RC[-I]=O,"" 0"")))"
end if
end if
next
Figure D.l Glasstess computer program for calculating equivalent uniform stress Up
(continued).
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, ELEMENT AREAS CALCULATION SUBROUTINE
Sub areacalc
, calculate position of centroid
xc = xsum/Inodzs
zc = zsum/Inodzs
, 3 node triangles
area = 0.0
if lnodzs = 2 then
area = (x(O)*(z(1)-z(2))+x( 1)*(z(2)-z(0))+x(2)*(z(0)-z( 1)))12
area = abs(area)
, 4 node quads
elseif lnodzs = 3 then
areal = (x(O)*(z(1)-z(2))+x(1)*(z(2)-z(0))+x(2)*(z(0)-z( 1)))12
area2 = (x(2)*(z(3)-z(0))+x(3)*(z(0)-z(2))+x(0)*(z(2)-z(3))) 12
area = abs(areal)+abs(area2)
, 6 node triangles
elseif lnodzs = 5 then
areal = (x(O)*(z(1)-zc)+x( 1)*(zc-z(O))+xc*(z(O)-z(1)))12
area2 = (x(1)*(z(2)-zc)+x(2)*(zc-z( 1))+xc*(z(1)-z(2)))12
area3 = (x(2)*(z(3)-zc)+x(3)*(zc-z(2))+xc*(z(2)-z(3)))/2
area4 = (x(3)*(z(4)-zc)+x(4)*(zc-z(3))+xc*(z(3)-z(4)))/2
area5 = (x(4)*(z(5)-zc)+x(5)*(zc-z(4))+xc*(z(4)-z(5)))/2
area6 = (x(5)*(z(0)-zc)+x(0)*(zc-z(5))+xc*(z(5)-z(0))) 12
area = abs(areal)+abs(area2)+abs(area3)+abs(area4)+abs(area5)+abs(area6)
, 8 node triangles
elseif lnodzs = 7 then
areal = (x(O)*(z(1)-zc)+x( 1)*(zc-z(O))+xc*(z(O)-z(1)))12
area2 = (x(1)*(z(2)-zc)+x(2)*(zc-z( 1))+xc*(z(1)-z(2)))12
area3 = (x(2)*(z(3)-zc)+x(3)*(zc-z(2))+xc*(z(2)-z(3))) 12
area4 = (x(3)*(z(4)-zc)+x(4)*(zc-z(3))+xc*(z(3)-z(4)))/2
area5 = (x(4)*(z(5)-zc)+x(5)*(zc-z(4))+xc*(z(4)-z(5)))/2
area6 = (x(5)*(z(6)-zc)+x(6)*(zc-z(5))+xc*(z(5)-z(6)))/2
area7 = (x(6)*(z(7)-zc)+x(7)*(zc-z(6))+xc*(z(6)-z(7)))/2
area8 = (x(7)*(z(0)-zc)+x(0)*(zc-z(7))+xc*(z(7)-z(0))) 12
area
=abs(areal)+abs(area2)+abs(area3)+abs(area4)+abs(area5)+abs(area6)+abs(area7)+abs(area8)
end if
End Sub
, WRITE TOTAL SUMMATION OF RESULTS TO EXCEL
WorkSheet.Cells(i+8,1).Value = "Summary"
, Write total no. of elements to excel
WorkSheet.Cells(i+9,2).Value = "No. of'
WorkSheet.Cells(i+ 10,2).Value = "Elements"
WorkSheet.Cells(i+ll,2).Value = "on surface"
WorkSheet.Cells(i+13,2).Value = neltssl
WorkSheet.Cells(i+9,7).Value = "No. of'
WorkSheet.Cells(i+1O,7).Value = "Elements"
Figure D.I Glasstess computer program for calculating equivalent uniform stress Up
(continued).
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WorkSheet.Cells(i+ll,7).Value = "on surface"
WorkSheet.Cells(i+l3,7).Value = neltss2
, Write summation of surface area to excel
WorkSheet.Cells(i+9,3).Value = "Surface"
WorkSheet.Cells(i+lO,3).Value = "Area"
WorkSheet.Cells(i+ll,3).Value = "m2"
WorkSheet.Cells(i+l3,3).Value = tareasl
WorkSheet.Cells(i+9,8).Value = "Surface"
WorkSheet.Cells(i+ 1O,8).Value = "Area"
WorkSheet.Cells(i+ll,8).Value = "m2"
WorkSheet.Cells(i+ l3,8).Value = tareas2
, Calculate effective stress & write to excel
WorkSheet.Cells(i+9,4).Value = "Effective"
WorkSheet.Cells(i+ 1O,4).Value = "Stress"
WorkSheet.Cells(i+ ll,4).Value = "N/mm2"
WorkSheet.Cells(i+l3,4).Value = "=POWER((SUM(C(l])/RC(-l]),(l/7.3))+ R6Cll"
WorkSheet.Cells(i+9,9).Value = "Effective"
WorkSheet.Cells(i+lO,9).Value = "Stress"
WorkSheet.Cells(i+ll,9).Value = "N/mm2"
WorkSheet.Cells(i+l3,9).Value = "=PqWER((SUM(C(l])/RC(-l]),(l/7.3))+ R6Cll"
, RETRIEVE SUMMATION OF RESULTS & WRITE IN LUSAS TEXT WINDOW
, Save Excel work book in default file directory
Fname=WorkBook.Title + ".xls"
WorkBook.SaveAs(Fname)
'Quit Excel
ExcelApp.Quit
Set ExcelApp = Nothing
, Message indicating where Excel results file may be found
msgbox "An Excel file containing a summary of results has been created in C: \ Temp"
end if
, Subroutine for Excel file creation
Sub initialiseExcelApp(ExceIObj, workBookName, sheetName)
, set file directory
FilePath = "C:\TEMP\"
ExcelObj.DefaultFilePath = FilePath
, set workbook
set WB = ExceIObj.WorkBooks.Add
WB.Title = workBookName
, set worksheet
set WS = WB.Worksheets(l)
WS.Name = sheetName
End Sub
Figure D.l Glasstess computer program for calculating equivalent uniform stress Up
(continued).
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Figure D.2 FE Model
Finite element model of 1000xlOOOxl0mm thick
glass plate constructed from 8-noded plane
stress elements with uniformly distributed load
applied to left edge and translational supports
along bottom edge.
Figure D.3 Surface stress contours
Major principal tensile stress contours for model
shown in Figure D.3.
A B C D E
1 Created: 15/01/0219:51
2
3 Element Element Av. Element
4 No. Area Stress
5 mm2 N/mm2
6
7 10 20800 -68.82 0
8 5 25600 -87.98 0
9 2 83200 -82.75 0
10 1 102400 -86.05 0
11 3 64000 -82.69 0
12 4 44800 -84.86 0'13 7 67600 -66.60 0
14 6 83200 -80.85 0
15 8 52000 -60.89 0
16 9 36400 -63.00 0
17 15 16000 -32.05 0
18 12 52000 -53.88 0
19 11 64000 -77.39 0
20 13 40000 -37.08 0
21 14 28000 -29.34 0
22 18 28000 -21.76 0
23 16 44800 -78.11 0
24 17 36400 -49.79 0
25 19 19600 10.09 4.163E+ll
26 20 11200 24.79 1.689E+14
27 21 25600 -87.03 0
28 22 20800 -50.80 0
29 23 16000 -18.84 0
30 24 11200 25.59 2.131E+14
31 25 6400 113.64 6.562E+18
32
33
34 Summary
35 No. of Surface Effective
36 Elements Area Stress
37 mm2 N/mm2
38
39 25 1000000 146.99
Figure D.4 Typical Glasstress output
Glasstress output spreadsheet for glass plate shown in Figure D.2 and Figure D.3. Elements 19, 20, 24
and 25 are the only areas contributing to the failure of the glass and correspond to the areas where the
90N/mm2 surface precompression has been exceeded (refer to Figure D.3).
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